Nondestructive Evaluation of the Condition of Subsurface Drainage in Pavements Using Ground Penetrating Radar (GPR) by Sinfield, Joseph V. & Bai, Hao
Joseph V. Sinfi eld, Hao Bai
JOINT TRANSPORTATION
RESEARCH PROGRAM
INDIANA DEPARTMENT OF TRANSPORTATION 
AND PURDUE UNIVERSITY
SPR-3419 • Report Number: FHWA/IN/JTRP-2013/25 • DOI: 10.5703/1288284315227
Nondestructive Evaluation of the Condition 
of Subsurface Drainage in Pavements Using 
Ground Penetrating Radar (GPR)
Potential Target 4  
Horizontal location: 522ft 
Check range: 522±7.5ft (±180 scans) 
Hyperbola detection: Hyperbola evident (very clear) 
 
























Horizontal axis — Horizontal position (ft)
Vertical axis — Receiving time (ns)
RECOMMENDED CITATION
Sinfield, J. V., and H. Bai. Nondestructive Evaluation of the Condition of Subsurface Drainage in Pavements Using Ground 
Penetrating Radar (GPR). Publication FHWA/IN/JTRP-2013/25. Joint Transportation Research Program, Indiana 
Department of Transportation and Purdue University, West Lafayette, Indiana, 2013. doi: 10.5703/1288284315227.
AUTHORS
Joseph V. Sinfield, ScD
Associate Professor of Civil Engineering







School of Civil Engineering
Purdue University
ACKNOWLEDGMENTS
The authors would like to thank Dwayne Harris for his support and expert guidance during the field work required 
for this study as well as his constructive review of the study findings. In addition, the authors appreciated the counsel 
provided by the Study Advisory Committee members throughout this effort.
JOINT TRANSPORTATION RESEARCH PROGRAM
The Joint Transportation Research Program serves as a vehicle for INDOT collaboration with higher education 
institutions and industry in Indiana to facilitate innovation that results in continuous improvement in the planning, 
design, construction, operation, management and economic efficiency of the Indiana transportation infrastructure. 
https://engineering.purdue.edu/JTRP/index_html
Published reports of the Joint Transportation Research Program are available at: http://docs.lib.purdue.edu/jtrp/
NOTICE
The contents of this report reflect the views of the authors, who are responsible for the facts and the accuracy of 
the data presented herein. The contents do not necessarily reflect the official views and policies of the Indiana 
Department of Transportation or the Federal Highway Administration. The report does not constitute a standard, 
specification or regulation.
   TECHNICAL REPORT STANDARD TITLE PAGE  
1. Report No. 
 
2. Government Accession No. 
 








4. Title and Subtitle 
 
Nondestructive Evaluation of the Condition of Subsurface Drainage in Pavements Using 
Ground Penetrating Radar (GPR) 
 








Joseph V. Sinfield, Hao Bai 
 




9. Performing Organization Name and Address 
 
Joint Transportation Research Program 
Purdue University 
550 Stadium Mall Drive 
West Lafayette, IN 47907-2051 
 
10. Work Unit No. 
 
 
11. Contract or Grant No. 
SPR-3419  
 12. Sponsoring Agency Name and Address 
 
Indiana Department of Transportation 
State Office Building 
100 North Senate Avenue 
Indianapolis, IN 46204 
 








15. Supplementary Notes 




Subsurface drainage features are routinely incorporated in the design of pavement systems as they are believed to increase pavement 
service life provided that they are installed correctly and maintained. Maintenance, however, is challenging in that location and 
subsequent inspection of these systems can be time consuming and laborious. With this in mind, some departments of transportation 
have turned to ground penetrating radar (GPR) as one means to rapidly locate subsurface drainage features in pavements and thus 
alleviate some of the cost and complexity of maintaining these systems, but with mixed results.  
 
In this context, this study pursued a two-pronged approach to improve GPR-based location of sub-pavement drainage systems, involving: 
(1) software-based signal processing and (2) modifications of hardware test configurations. From a signal processing perspective, two 
complementary signal processing approaches were developed in this work. Method 1 involved algorithms that are designed to reduce 
GPR signal background clutter and noise by taking advantage of the somewhat uniform nature of the strata underlying constructed 
pavements and to systematically remove anomalous signals. Method 2 focused on enhancing 2-D image quality to facilitate recognition 
of hyperbolic signal returns indicative of drain detection. From a hardware perspective, field experiments were also carried out in this 
work to validate the signal processing algorithms and assess the potential for alternative antenna configurations to enhance detection 
success. Five different antenna configurations were tested in total. When employed in field settings, the signal processing algorithms 
demonstrated an ability to routinely detect X-drains (shallow depth, PVC) with 2–3 false alarms per successful detection. Similarly, all 
known K-drains (moderate depth, metal/clay) in the studied field test regions were successfully identified, although each successful K-
drain detection was accompanied by a significant number of potential false alarms. Beyond these signal conditioning related findings, 
additional recommendations for field deployed GPR survey line selection, antennae configuration, and frequency selection are also 
provided. 
 
17. Key Words 
 
ground penetrating radar, GPR, sub-pavement drainage, pipe 
detection, signal processing 
 
18. Distribution Statement 
 
No restrictions. This document is available to the public through the 
National Technical Information Service, Springfield, VA 22161. 
 
















Form DOT F 1700.7 (8-69)         
EXECUTIVE SUMMARY
NONDESTRUCTIVE EVALUATION
OF THE CONDITION OF SUBSURFACE
DRAINAGE IN PAVEMENTS USING
GROUND PENETRATING RADAR (GPR)
Introduction
Subsurface drainage features are routinely incorporated in the
design of pavement systems as they are believed to increase
pavement service life provided that they are installed correctly and
maintained. Maintenance, however, is challenging in that location
and subsequent inspection of outlet pipes, drainage conduits, and
edge drains can be time-consuming and laborious.
Consequently, locating and evaluating the condition of existing
subsurface drainage systems has now become a key factor to
enable proper maintenance and increase the service life of
pavement. There are several different methods that can be used
to detect objects in subsurface settings, such as metal detectors,
electronic marker systems, acoustic emission sensing, resistivity
measurements, micro-gravitational techniques, and seismic reflec-
tion/refraction methods. However, ground penetrating radar
(GPR)—a nondestructive geophysical technique that makes use
of radio waves to examine low loss dielectric materials—appears
to offer the greatest potential to facilitate drainage feature
detection in subsurface settings.
In this context, the objective of this study was to determine
whether GPR technology can be used to rapidly locate subsurface
drainage features in pavements and thus alleviate some of the cost
and complexity of maintaining these systems.
Findings
The work carried out in this program involved a two-pronged
approach to improve GPR-based sub-pavement drainage system
evaluation while maximizing the value of the Indiana Department
of Transportation’s (INDOT’s) pre-existing investment in GPR
hardware and remaining within project budget limitations. Two
major avenues were explored to achieve improvements in GPR
detection success: (1) software-based signal processing and (2)
modifications of hardware test configurations.
From a signal processing perspective, two complementary sets
of approaches were developed in this work, referred to herein as
Methods 1 and 2. Method 1 involves two signal processing
algorithms that are designed to reduce GPR signal background
clutter and noise by taking advantage of the somewhat uniform
nature of the strata underlying constructed pavements and to
systematically remove anomalous signals. The output of this
method is a 1-D plot of potential target locations as a function of
distance on the survey line along the roadway. This method
proved to be very effective at identifying both X- (shallow depth,
PVC) and K-drains (moderate depth, metal/clay) even when a
hyperbolic signal return could not be observed in the 2-D data.
Generally, all X-drains are routinely identified (with only
occasional exceptions), with three to four false alarms per
successful detection. Similarly, all known K-drains in the studied
field test regions were successfully identified, although each
successful K-drain detection was accompanied by a significant
number of potential false alarms. While these false alarms all
require field investigation, the effort associated with these
investigations is likely substantially less than the effort required to
manage the consequences of undetected, and thus unmaintained,
K-drains. The reliability of Method 1 was shown to improve when
scans obtained with two antennae are compared and when routine
drain spacing is employed as a filter. These additional screens help
to reduce false alarms to roughly two to three per successful
detection.
Method 2 focuses on enhancing 2-D image quality to facilitate
recognition of hyperbolic signal returns indicative of drain
detection. When this method reveals a hyperbola, there is a clear
‘‘detect’’ outcome and thus the approach can clarify interpretation
of potential targets identified via Method 1. It is important to
note, however, that lack of a hyperbolic return in the 2-D image is
not conclusive in declaring a ‘‘false alarm’’ as the statistical
algorithms of Method 1 routinely detected pipes when no
hyperbolic return was visible. Thus, in practice, it is likely
important to investigate all potential target zones identified by
Method 1. Overall, Method 2 would likely be most valuable if
incorporated in an automated data processing system to help
rapidly identify clear ‘‘detects’’ and thus limit the focus of in-field
investigative study to only truly uncertain target zones.
From a hardware perspective, field experiments were also
carried out in this work to assess the potential for alternative
antenna configurations to enhance the detection success. Five
different antenna configurations were tested. These tests reveal
several conclusions that can be generalized as follows:
1. Survey line selection has a significant influence on the quality
of obtained GPR images. In all cases, images obtained on
the gravel side slope of roads provided clearer, higher SNR
(signal to noise ratio) images of buried drains relative to
images obtained in the middle of the shoulder of the
roadway or at the pavement shoulder—gravel slope inter-
face, and more frequently displayed, the characteristic
hyperbolic returns expected from a buried conduit. It is
worth noting that while operating on the gravel slope has
some challenges in terms of maintaining the stability of the
antennae, a survey line well off the roadway adds to the
safety of the overall scanning operation. With this in mind,
there is likely value in developing a robust outrigger setup
that can facilitate antenna coupling with the ground on the
gravel slopes beside roadways.
2. Test configurations involving two antennae facilitate more
reliable detection strategies than single antennae configura-
tions. The potential to compare results from two antennae
along a shared survey line helps to distinguish background
clutter and anomalies from actual pipe detections and
facilitates signal averaging that can be employed to reduce
the net background interference in post-processing. The
benefits of this logic likely increase to a limit as additional
antennae are added to the test setup.
3. In tests conducted with a transmitter and dual receivers
operating at different frequencies, higher input frequencies
yielded higher SNRdB results than lower input frequencies.
However, at any given input frequency results obtained with
the lower frequency receiver of the studied pair tended to
provide higher SNRdB returns, indicating some loss in
energy of the returned signal combined with a beneficial
reduction in sensitivity to noise.
4. Cross-polarized configurations generally provided good
results but did not yield a benefit that justified the added
complexity of operating the cross-polarized system. It is
important to note that only configurations involving a cross-
polarized receiver oriented perpendicular to the transmitter
and direction of travel and vice versa were pursued in this
work. Other orientations of the entire cross-polarized setup
may warrant future investigation.
Implementation
Based on the tests and data analyses performed herein, the
following recommendations are provided to guide future
deployments of GPR for subsurface drainage detection under
pavements:
1. Implement the background reduction and anomaly detection
algorithms developed in this work (Method 1) in a user-
friendly software application that can be employed to
process GPR data.
2. Implement the shape enhancement algorithms developed in
this work (Method 2) to facilitate evaluation of potential
target zones via an automated shape recognition routine.
3. Enhance on-board computing power employed in the field
vehicle used to pull the GPR antennae so that data can be
processed in real time, thereby enabling target zone marking
during the GPR scanning operation (vs. post–data processing).
4. Develop a robust GPR unit outrigger capable of negotiating
the gravel slopes alongside roadways to maximize energy
coupling into the subsurface and enhance detection sensitivity.
5. Deploy (at least) two antennae in any survey operation to
improve background management and facilitate results
comparison that can increase the probability of successful
detection and false alarm rejection.
6. Utilize configurations involving one transmitter and dual-
frequency high-low receiver pairs to optimize energy input
into the subsurface and minimize received noise.
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1. INTRODUCTION AND
PROBLEM STATEMENT
Subsurface drainage features are routinely incorpo-
rated in the design of pavement systems as they are
believed to increase pavement service life provided that
they are installed correctly and maintained. Maintenance,
however, is challenging in that location and subsequent
inspection of outlet pipes, drainage conduits, and edge
drains can be time consuming and laborious.
Consequently, locating and evaluating the condition
of existing subsurface drainage systems has now
become a key factor to enable proper maintenance
and increase the service life of pavement. While there
are several different methods that can be used to detect
objects in subsurface settings, such as metal detectors,
electronic marker systems, acoustic emission sensing,
resistivity measurements, micro-gravitational techni-
ques and seismic reflection/refraction methods (1),
ground penetrating radar – a nondestructive geophysi-
cal technique that makes use of radio waves to examine
low loss dielectric materials – appears to offer the
greatest potential to facilitate drainage feature detection
in subsurface settings and may also provide informa-
tion on drainage feature condition.
Several researchers have demonstrated the potential
to locate plastic and clay conduit in agricultural soils
(e.g., (2,3)), and assess water presence in/around buried
conduits (e.g., (4)) using ground penetrating radar
(GPR). Other researchers have successfully utilized
GPR in the analysis of materials such as wood,
concrete, and asphalt (e.g., (5–8)). However, routine
success in use of the method is highly dependent upon
subsurface conditions, the presence or lack of water, the
nature of the subsurface target being sought, and its
depth. Further, effective use of GPR still requires
expert data interpretation.
2. OBJECTIVES AND SCOPE
Given the above background, the objective of the
research herein was to determine if ground penetrating
radar technology can be used to rapidly locate and
determine the condition of subsurface drainage features
in pavements and thus alleviate some of the cost and
complexity of maintaining these systems. To this
end, this research study encompassed the following
activities:
1. Performance of a literature review to develop a thorough
understanding of the current state of knowledge on
GPR applicability to sub-pavement drainage feature
assessment.
2. Definition of the set of physical parameters that
characterize sub-pavement drainage systems in field
settings likely to be encountered throughout Indiana.
3. Identification and acquisition of compatible, commer-
cially available equipment to modify/enhance the existing
INDOT GPR unit so that techniques and equipment
configurations with the potential to enhance drainage
system detection success could be objectively assessed in
the laboratory and/or field.
4. Application of GPR simulation tools to inexpensively
and rapidly evaluate alternate GPR test configurations.
5. Design, fabrication, and application of a laboratory
based experiment to enable proof testing of the
enhanced/modified GPR system under controlled testing
conditions.
6. Development and/or application of unique signal proces-
sing techniques to enhance drainage system detection
sensitivity.
7. Performance of in-laboratory and in-field tests on
simulated and/or actual road segments of known cross-
section to assess GPR system performance under
representative working conditions.
8. Analysis and synthesis of all findings to develop relevant
conclusions.
9. Translation of the findings into an implementation plan
for future routine application, where appropriate.
3. RESEARCH BACKGROUND
3.1 Introduction
Subsurface drainage systems are an important driver
of the service life of pavements, as free water in
pavement is a leading cause of road damage. To
effectively evaluate subsurface drainage systems with
ground penetrating radar, both experimentally and in
the field, it is helpful to have a robust understanding of
typical road cross-section design. A general review of
pavement and subsurface drainage system design is
therefore introduced here as well as an overview of the
performance of drainage systems. In addition, a brief
introduction to GPR and some of its key areas of
application is also provided, highlighting connections
to the current study.
3.2 Overview of Pavement Systems
3.2.1 Pavement and Drainage System Design
A pavement is usually constructed of asphalt or
Portland cement concrete, or a layered composite of
these materials. An asphalt pavement is referred to as a
flexible pavement, in which a bituminous binder is
combined with coarse and fine aggregates. A flexible
pavement is typically constructed using Hot Mix
Asphalt (HMA) or Warm Mix Asphalt (WMA). A
Portland cement concrete pavement (PCCP) is referred
to as a rigid pavement. In addition to these two major
pavement categories, aggregate pavement is also
common, which is constructed with compacted aggre-
gate. The pavement structure is considered to be that
part of the road that is placed on the finished subgrade
and encompasses all paved surfaces including shoulders
(9). Figure 3.1 shows typical cross-sections of flexible,
rigid, and composite pavements, noting of course that
the design of any specific roadway may vary.
Subsurface drains have been utilized in pavement
systems since the 1950s. Transverse subsurface drains
were among the first types of subsurface drains to be
installed. This type of drain was typically a drain tile or
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perforated pipe constructed perpendicular to the
pavement and spaced longitudinally throughout the
project. Beginning in the 1960s, longitudinal pipes were
constructed along the edges of the pavement with
outlets to side ditches. Little or no maintenance was
performed on the subsurface drain systems until a mid-
1990s study showed that poor performance of the
subsurface drain system was causing failures of pave-
ment structures (9).
Today, subsurface drainage systems in pavement
take the form of edge drainage pipes and outlet pipes,
which are considered the most important drains in the
system, here shown in Figure 3.2. In the transverse
direction, several drainage alternatives can be consid-
ered based on design requirements. Hagen and Cochran
(11) compared four typical drainage systems and
concluded that use of permeable asphalt-stabilized base
for the transverse drainable layers usually provided the
most effective means to remove water from pavement
and provided the driest pavement foundation and the
least early pavement distress. Figure 3.3 gives a basic
view of the different subsurface drainage elements in an
example PCC Pavement cross-section (11).
3.2.2 Performance of Drainage in Pavement
The reliable design and maintenance of subsurface
drains can effectively remove free water and extend the
service life of pavement. On the other hand, lack of
drainage, and/or a poor sub-base with high fines
content can obstruct proper water removal and lead
to subsequent pavement damage (13). It is therefore
important to routinely assess drain condition and
effectiveness.
Ahmed et al. (14) conducted a study on the
performance of existing sub-pavement drainage systems
in Indiana. Observations in the study revealed that
outlet pipes were frequently exposed for some length or
crushed. Outlet markers were not present in the majority
of cases, making it difficult to locate the outlets.
Vegetation growth around the pipes sometimes blocked
the flow completely. Field results were collected for
different types of pavements, and the drainage efficiency
was reported for these pavements. Figure 3.4 shows a
typical hidden outlet pipe. Table 3.1 provides AASHTO
criteria to describe the performance of drainage systems.
Subsurface drainage systems are installed for all
important highway pavement structural sections.
Although considering and constructing a sub-pavement
drainage system is important to enable pavement
function, maintenance is the key factor related to the
service life of pavement. Several pavement failures have
occurred recently in Indiana which have been attributed
to poor drainage conditions (e.g., challenges with
clogged sub-pavement outlet drains on I64 in the
Seymour District; road patch failure associated with
poor drainage on I69 in Fort Wayne; ice formation and
related pavement damage caused by poor drainage on
I164 in the Vincennes District). INDOT has concluded
that unmaintained drainage can sometimes lead to
worse damage than undrained pavement. Therefore,
maintenance of the drainage system is as important as
providing the system (16). In order to fulfill this goal,
locating and evaluating the subsurface drainage conduit
is the first and the most important problem to be solved.
3.3 Introduction to Ground Penetrating Radar
3.3.1 Introduction
Radar is an acronym for Radio Detection and
Ranging and is based on a simple principle: detecting
objects and determining their distances (range) from the
echoes they reflect (17). Radar operates based on the
principle of transmitting electromagnetic waves (Tx)
and receiving (Rx) reflected signals from any object in
their path (18). Radars transmit either pulsed (most
situations) or continuous signals. For pulsed radars the
target range is simply determined by the time it takes
the pulse of radiated energy to travel to the target and
return (19).
Figure 3.1 Typical cross sections of flexible pavement (HMA or WMA), rigid pavement (PCCP) and composite pavement (10).
Figure 3.2 Typical drainage systems of modern pavements
(with longitudinal edge-drain and outlet pipe) (12).
2 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2013/25
Ground Penetrating Radar (GPR) is a high resolu-
tion geophysical technique that utilizes electromagnetic
radar waves to locate and map subsurface targets,
including buried drainage systems. GPR operates by
transmitting short pulses of electromagnetic energy into
the pavement. These pulses are reflected back to the
radar antenna. The amplitude and arrival time are
related to the depth of targets and surrounding material
properties (9). GPR can also be called ‘‘ground-probing
radar,’’ ‘‘sub-surface radar,’’ or ‘‘surface-penetrating
radar (SPR)’’ depending on the application.
Figure 3.3 Pavement drainage systems (11).
Figure 3.4 Typical hidden outlet pipe (14).
TABLE 3.1
AASHTO Drainage Criteria (11,15)





Very poor Water will not drain
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3.3.2 History and Applications of GPR
GPR was first developed in the early 1970’s for
military applications such as locating underground
tunnels. Since then, it has been used in a broad array
of applications including locating landmines and
unexploded munitions, performing contaminant map-
ping and ground water analysis, studying glaciers and
other ice formations, and carrying out infrastructure
and material profiling. Locating underground utilities
(in this case drainage systems) is thus only one of
many applications for which the technique has been
applied.
An overview of peer-reviewed literature related to
several primary GPR application areas is presented
below, highlighting some of the key insights bor-
rowed from these fields for the work pursued in this
study.
Agriculture and hydro-geophysics. Ground penetrating
radar has been used extensively to assess the hydraulic
properties of the subsurface that control underground
water movement and the spread of chemicals that enter
the groundwater system. In this arena, multiple resear-
chers have successfully measured hydro-geological
properties critical to agriculture and environmental
fate and transport at the field scale using GPR (e.g.,
(20–24)). GPR has also been applied in other aspects of
agriculture, such as monitoring the movement of
agrochemicals (25); mapping the soil spatial variability
of agricultural fields (26); quantifying the impact of
hydrology on crop production (27); and detecting
produce in cultivated soils (28). In addition, GPR has
been employed in agricultural contexts highly related to
this research to detect and locate agricultural drainage
pipes (2,28,30). While knowledge of the characteristic
signal return patterns from drainage pipes are quite
similar to those seen in sub-pavement drainage app-
lications, agricultural conduits are typically located
quite close to the ground surface, are often large in
dimension, and are buried beneath simple soil strata (vs.
multiple pavement layers of varying material properties),
making related findings of limited value for the
application pursued herein.
Archaeology. As a nondestructive geophysical survey
method, ground penetrating radar has multiple
advantages in archaeological studies, and has been
used extensively to detect underground structures and
buried objects without causing damage. Both 2-D and
3-D GPR surveys are widely employed in archaeology
(31,32), with related work encompassing both urban
areas (33) and more rural field settings (34,35).
GPR modeling and simulation are also common in
archaeology (36). In archaeology, archaeologists often
employ pattern recognition algorithms to GPR data to
search for signals indicative of manufactured rather
than naturally occurring subsurface features. This same
principle is employed in the background/ clutter
reduction algorithm employed in this study.
Mine detection. GPR is widely used for the detection
of metallic, plastic, and wooden mines. Several automatic
mine detection algorithms have been developed within
this application area, including algorithms based on fuzzy
logic (37) and systems designed to make use of limited
data (38). Bruschini et al. (39) introduced a combined
GPR and metal detector sensor system to increase mine
detection accuracy and reduce false alarms when
searching for metallic mines. Montoya and Smith (40)
introduced a GPR system based on Resistively Loaded
Vee Dipoles, which greatly reduced antenna related
clutter and enhanced detection sensitivity for anti-
personnel mines. Earp et al. (41) performed a study of
metallic mine detection effectiveness using an ultra-
wideband GPR system. Sun and Li (42) introduced a
time-frequency analysis technique to detect buried
plastic landmines. Beyond these efforts, some of the
greatest successes in landmine detection accuracy are a
byproduct of digital signal processing (DSP) techniques
such as the non-uniform fast Fourier transform
(NUFFT) based migration method (43); the Kalman
filter based DSP approach (e.g., (44)); and the hidden
Markov models (HMMs) method (45). Several of these
techniques, or their variants, are employed in this work.
Road evaluation. Because of the fast processing and
nondestructive nature of ground penetrating radar, it is
also widely used in the transportation area, especially
for road evaluations. One of the most common
applications is pavement thickness evaluation both
during construction and once roads are in service, and
several compact, low cost GPR systems and theoretical
analysis models have been developed for this purpose
(46,47). GPR has also been used to evaluate the nature
of the subgrade soil and stratigraphy underlying
roadways (48); to assess pavement quality, through
evaluation of pavement layer properties, detection of
under-pavement air voids, and estimation of crack
prevalence in roads (48,49). GPR is also applied to
detect and evaluate pavement layer stripping, especially
for asphalt concrete pavements (5,50). Among the
many contributions to the technology in this area of
application are developments that have enabled
successful air coupling of the GPR signal with the
roadway which have enabled non-static tests that make
application of the technology to evaluation of extensive




In this effort, equipment was acquired to assemble an
enhanced GPR unit capable of utilizing multiple
transmitter and receiver antennae operating at varying
frequencies to develop an image of the subsurface. The
key aspects of this new hardware are described in detail
below.
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4.2 Overview of GPR Equipment
To enable the multi-antennae capability desired for
this effort, a new GPR control unit, the SIR-30, was
purchased from GSSI Inc. This unit was selected due to
its features and compatibility with existing INDOT
equipment, and offers the ability to collect data from 4
different channels at the same time. This allows
simultaneous collection of data from different frequency
antennae, facilitates use of a Multi-input Multi-output
(MIMO) antenna array, and also enables the compar-
ison of data at different antennae polarizations. The key
components of this system include the following:
1. Main Control Unit (SIR-30): enables 4 antennae to work
at the same time.
2. LCD Digital Monitor together with Keyboard and Mouse
(or a laptop with an Ethernet cable connection): facilitates
user interface with control unit.
3. Antennae with Distance Measuring Instrument (DMI):
together with SIR-30 control unit, the antennae and DMI
create a complete location-indexable Tx-Rx system.
Main control unit (SIR-30). The SIR-30 control unit
serves as the center of the GPR system used in
this research, enabling simultaneous operation of
4-channels, as well as high data transmission speed
and improved data resolution. The maximum pulse
repetition frequency (PRF) that can be transmitted by
the SIR-30 is , 733 KHz, which means the system can
collect , 3/4 million samples per second. However, the
actual data collection rate pursued in lab experiments
and field surveys varied based on the PRF of each
antenna and the desired density of data collection
points. Based on the combined capabilities of the
control unit and antennae, the average vehicle speed for
a field survey is likely limited to around 3-4 miles per
hour to ensure capture of quality data with a resolution
of roughly at 48 traces/ft. The control unit also has a
32-bit A/D unit which enhances detection sensitivity
relative to pre-existing INDOT equipment.
Figure 4.1 provides an image of the SIR-30 unit.
This unit can be controlled by a laptop connected by
Ethernet cable, which enables convenient use in the
field. Also this unit itself is a personal computer. So,
with an interface LCD monitor and input devices
(keyboard and mouse), it can be self-controlled, which
increases data transmission and storage speed, which
are again valuable benefits in the field.
The unit dimensions are 17.761365.1in (456336
13cm) and it weighs only 18.5 lbs (8.4 kg).
Figure 4.1 Front and back view of SIR-30 control unit (GSSI SIR-30 Manual).
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GPR antennae. Based on the required resolution and
depth of penetration for the pavement drainage
application, antennae of three different frequencies will
be employed in this research, 900 MHz, 400 MHz, and
270 MHz. Each of the antennae are pulsed radar devices;
the original signal they generate is a simple Ricker pulse.
An illustration of an integrated antenna box is shown
in Figure 4.2. Each antenna box contains separate
transmitter and receiver antennae, one control unit
connector, and two Distance Measuring Instruments
(DMI) with connectors for different DMI survey wheels.
This design makes it possible to build a MIMO GPR
system, in which the transmitter and receiver can be
controlled individually.
Outfitted with a suitable DMI survey wheel, the
antennae can be run in distance mode or continuous
time mode. The former mode provides the exact
horizontal position of imaged targets. In continuous
time mode, antennae transmit signals based on a time
clock signal, which is useful in static tests without
antennae movement. Most GPR surveys require the
movement of the antennae to obtain data at different
positions along the survey line. As a result, tradition-
ally, a constant travel speed must be carefully main-
tained in order to receive stable shapes in the reflected
signal, which is not straightforward in practice.
However, together with the DMI, the antennae can
transmit signals and track position in the distance
control mode. Because the antenna position can then be
determined very easily, the speed will not influence
the shape of the received signals, simplifying field
operation.
Model 3101 900 MHz GPR antenna. This antenna
with a central frequency of 900 MHz is designed for
applications requiring high resolution but shallow
penetration depth (GSSI Inc. Manual). (Dimensions
of the integrated antenna box are 1367.563.5 inches
(3362068cm)). Figure 4.3 shows the Model 3101 900
MHz antenna attached to a Model 611 survey wheel.
The pulse duration of the source signal is 15ns. The
effective penetration depth is between 0 and 6 ft
depending on the dielectric permittivity of encountered
materials.
Model 5040 400 MHz GPR antenna. This antenna
with 400 MHz central frequency, shown in Figure 4.4,
is a mid-frequency GPR antenna designed for greater
penetration depths, but with decreased resolution
compared to the high frequency antenna. The dimen-
sions of the entire antenna unit are 1261266.5 inches
(30630617cm). The transmitted pulse duration of this
antenna is 25ns, and the effective penetration depth is 0
to 16 ft depending on the dielectric permittivity of
encountered materials.
Model 5104 270 MHz GPR antenna. This antenna
is designed for deeper penetration with a 270 MHz
centered frequency. The dimensions of this antenna
case are 17.5617.567.5 inches (44.5644.5619 cm).
The transmitted pulse duration is 3.6ns and the effective
penetration depth is 0 to 25 ft depending on the
dielectric permittivity of encountered materials. The
application of this frequency is normally for large
targets buried at greater depths.
Model 611 survey wheel (DMI). Compared to a
typical survey cart used in the field with large wheels
(about 12 inches in diameter), the wheel size of this
equipment is quite small—about 3.83 (3 ) inches in
diameter which is a suitable size to be used in
Figure 4.2 Schematic of an integrated antenna box produced
by GSSI, Inc.
Figure 4.3 Model 3101 900 MHz antenna attached to a
Model 611 survey wheel.
Figure 4.4 Top view of Model 5040 400 MHz GPR antenna.
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laboratory tests. It can be attached directly to the 900
MHz antenna box (Figure 4.3) and also can be used
together with 400 MHz antenna. The maximum control
rate of this wheel is about 609.6 ticks/foot (2000 ticks/
meter), which means this wheel can control the
antennae to transmit at most 2000 signals per meter.
4.3 Standard Testing Procedures
As described above, the GPR system used in this
project contains several components. Before carrying
out lab or field experiments, correct integration of the
system must be completed. The general procedures to
prepare the multi-channel GPR system for use are
straightforward and can be summarized as follows:
1. Attach a DMI survey wheel to each of the antenna boxes
to be used in the test and connect them with a suitable
cable;
2. Connect all antennae needed in the experiment to the
main SIR-30 control unit using supplied and appropri-
ately connectorized cables;
Choose one from 3 and 4:
3. If using monitor to control the unit directly, connect a
digital LCD monitor to the SIR-30 main body with an
HDMI cable, as well as the necessary input devices, such
as a keyboard and mouse;
4. If using a laptop to run the unit, first set up the laptop as
a client computer which can communicate to the main
body of SIR-30, then connect the laptop to SIR-30 with
an Ethernet cable;
5. Plug in all source power connections on the monitor or
laptop, then the SIR-30 control unit;
6. Open the SIR-30 control program to identify necessary
parameters of all connected antennae;
7. The system is now ready to perform a survey.
5. OVERVIEW OF SIMULATIONS
AND EXPERIMENTS
5.1 Introduction
The work carried out in this program involved a two-
pronged approach to improve GPR-based sub-pave-
ment drainage system evaluation while maximizing the
value of INDOT’s pre-existing investment in GPR
hardware and remaining within project budget limita-
tions. Specifically, two major avenues were explored to
achieve improvements in GPR detection success: (1)
software-based signal processing and (2) modifications
of hardware test configurations (see Figure 5.1).
Simulations and experiments were employed through-
out this work as an efficient means to assess the
potential benefits and limitations of these improvement
efforts under various test conditions.
5.2 Simulation and Experiment Design Factors
Two main sets of variables which influence GPR
observations were considered in different simulation
and experimental contexts: Environment factors and
Equipment factors.
Environment factors
Drainage conduit type and size. Subsurface drai-
nage systems encountered in the built environment vary
widely and may range in size from just a few to tens of
square centimeters in cross section. Further, drainage
conduits may be concrete, clay, or plastic pipe (e.g.,
transverse or longitudinal pipe drains) or geo-textile
composites (e.g., geo-composite edge drains or perme-
able layers).
Drainage conduit installation geometry. Sub-pave-
ment drainage systems may be oriented in a transverse
or longitudinal direction relative to the roadway and
must be installed at a slope steeper than 0.2% for
subsurface drains and 0.3% for outlet pipes; different
geophysical techniques may be required to rapidly
locate drains in these two distinct orientations.
Soil type and sub-grade type. Although most
primary road designs share common design principles,
the sub-grade materials can vary location to location
based on availability and their bulk dielectric properties
can potentially be influenced by aggregate compaction
and infiltration by other soils (the more conductive the
soil, the greater the radar attenuation).
N Highly conductive soil: Water saturated (wet) soil or
highly salty soil (e.g., where salt is used for ice melting)
N Clay dominated soil: usually includes significant moist-
ure, making it highly conductive
N Silt dominated soil: usually found in topsoil, containing
some amount of moisture, making it moderately
conductive—less likely in primary road scenario
N Sand dominated soil: containing little moisture, and
hence low conductivity
N Granular and compacted soil: usually found under paved
areas, very low conductivity
Pavementmaterial(HMAorWMA,concrete). Clearly
primary road surfaces may take on an array of forms
related to varying formulations of hot (warm) mixed
asphalt or concrete.
Strata thickness and conduit depth. Again, primary
road layer thickness and the resulting location of
subsurface drainage conduits can vary based on road
design.
Equipment factors
Arrangement and number of GPR transmitters
and receivers. GPR surveys can be performed in a
variety of ways (e.g., common offset, multi-offset) that
each maximize the response from some sub-surface
features and minimize the response from others.
Coupling geometries. GPR can generally be air-
coupled or ground-coupled into the subsurface; the
choice of coupling method involves a compromise
between coupling efficiency and testing speed.
Operating frequency range (commonly from 10
MHz to more than 1,000 MHz). Although GPR is
generally viewed as the geophysical method with the
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highest resolution for imaging the subsurface (with
centimeter scale resolution possible in some circum-
stances), there is an inevitable trade-off between
resolution and penetration depth, driven by operating
frequency. Depth of investigation increases with
decreasing frequency but at the cost of decreased
resolution. While GPR waves can reach depths of 30–
40 m in materials such as ice or volcanic rock, they may
penetrate only 1–2 m in materials such as clay or shale.
Absolute vs. relative measurements. While it would
be ideal to obtain absolute measurements with any
sensing system (that is measurements that are accurate
and definitive at a single point in time), under some
circumstances relative measurements (that is subse-
quent measurements compared to each other) may
prove useful in difficult sensing conditions and could
yield insight (for example, scanning the sub-surface
before and after rainfall to find variations in subsurface
moisture that may help locate drainage conduits).
5.3 Computer-based Electromagnetic Simulation
5.3.1 Overview
In addition to the performance of lab or field
experiments, simulations were carried out using
GPRMAX2D software (Copyright 2005 by Antonis
Giannopoulos). GPRMAX2D is an electromagnetic
wave simulation software package for Ground Penetrating
Radar models designed by Dr. Antonis Giannopoulos of
the University of Edinburgh, UK. This simulator is based
on the Finite-Difference Time-Domain (FDTD) method.
Simulations were employed throughout this work for
multiple purposes including the design of the in-laboratory
test basin, exploration of the influence of road cross-
section designs on radar signatures, and evaluation of
alternate GPR antennae configurations. In particular,
simulations offer the advantage of modeling situations
with infinite boundary conditions, which eliminates the
influence of even subtle side reflections that might be
encountered in a scaled down laboratory experiment that
must inevitably be ‘‘contained.’’
5.3.2 Simulations with Infinite Boundary Conditions
Two simulations in particular were pursued to
determine the influence of water and pavement cover
on GPR observations of sub-pavement conduits and
are highlighted here. The depth of pipes (PVC) was set
at 0.6m, which is a reasonable depth based on typical
road cross-section design. The dimensions of the
simulated area were chosen to enable inclusion of 3
different diameter pipes, located with enough distance
(0.75m in the models) between them to avoid relative
interference. The antennae of GPR unit were simu-
lated to move along the ground surface in the
simulation models. The data collection rate was one
trace per 0.03 meters. Two different offsets (along the
horizontal direction) between the transmitter and
receiver were considered in both models, 0 meters
and 0.2 meters.
Schematics of these two models are shown in
Figure 5.2. The size of the simulated area is 3m (L)
6 0.8m (D). There are 3 PVC pipes involved; with
diameters of 40, 60 and 80, respectively. Side and bottom
boundary conditions for the calculation area were
absolved infinite boundaries. In addition, a free
boundary is modeled at the surface. As illustrated in
Figure 5.2 below, Model 1 involves only sand and no
pavement cover. One concrete pavement layer is
introduced in Model 2. While these models are
obviously simplified relative to an actual road cross-
section, they help to assess fundamental geometric and
material impacts on different GPR test configurations.
In particular, several groups of simulations have been
analyzed for each model involving important factors
such as radar frequencies, antennae offset, and water
conditions in the sand (saturated or dry). Table 5.1
provides the details of the analyzed simulations.
Figure 5.1 Avenues of potential improvement in GPR detection success.
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As shown in Table 5.1, 12 different simulations have
been analyzed with different key parameters. Figures 5.3
(a-f) and 5.4 (a-f) provide all the analyzed results, for
Models 1 and 2, respectively. In all the following figures,
the horizontal axis represents the trace number along the
scan direction. The vertical axis represents the time axis,
which provides the arrival time of reflected signals in the
unit of nanoseconds. All the hyperbola shapes in the
simulation results indicate reflection signals of potential
targets.
Comparing all the sets of simulation results, there are
several conclusions that can be drawn, as follows:
N Simulations with 0.2 meters offsets between the trans-
mitter and receiver can help improve the GPR results
significantly, especially with saturated soil conditions. As
shown in Figure 5.3 (c), when using the 900 MHz
antennae with Model 1 involving saturated sand and a
0m offset between Tx and Rx, the target is very hard to
detect. However, in Figure 5.3 (f), which has the same
soil conditions as 5-3 (c) but with 0.2 meters offset
between Tx and Rx, the three targets are clearly found.
The reflection delay from targets in saturated sand is
much longer than for the dry sand, which is shown in
Figure 5.3 (d). In dry sand the delayed reflection time is
around 8ns (Figure 5.3 (d), but in saturated sand it varies
from 16ns to 18ns (Figure 5.3 (f), due to the fact that EM
waves travel much more slowly in water than in dry
materials (sand in this case).
N Based on the simulation results, a concrete pavement
layer will decrease the resolution of GPR images under
Figure 5.2 Schematics of simulation models: No pavement cover (top) and concrete pavement cover (bottom).
TABLE 5.1
Details of Analyzed Simulations and Related Parameters
Model Antennae Offset (m)
Operated Frequency
(MHz)
Water Conditions of Sand
(Dry or Saturated) Simulation No. Result Figure No.
Model 1 0 900 Dry 1-0-900D 5-3 (a)
400 Dry 1-0-400D 5-3 (b)
900 Saturated 1-0-900S 5-3 (c)
0.2 900 Dry 1-0.2-900D 5-3 (d)
400 Dry 1-0.2-400D 5-3 (e)
900 Saturated 1-0.2-900S 5-3 (f)
Model 2 0 900 Dry 2-0-900D 5-4 (a)
400 Dry 2-0-400D 5-4 (b)
900 Saturated 2-0-900S 5-4 (c)
0.2 900 Dry 2-0.2-900D 5-4 (d)
400 Dry 2-0.2-400D 5-4 (e)
900 Saturated 2-0.2-900S 5-4 (f)
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Figure 5.3 Simulation results of Model 1: Sand only.
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Figure 5.4 Simulation results of Model 2: Sand with concrete cover layer.
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dry sand conditions, as shown by comparing Figure 5.3
(a) and Figure 5.4 (a). With 0.2m offset of the Tx and
Rx, the results improve as shown in Figures 5.4 (d) and
(e).
An interesting preliminary finding revealed in the
simulation is that the quality of the GPR results
improves under both 400 MHz (Figure 5.4 (e)) and 900
MHz (Figure 5.4 (f)) analysis when pavement cover is
present. The improved images are again generally
associated with a 0.2 meter offset between Tx and Rx.
These observations are discussed again later in the
context of the field experiments.
Details of additional simulations are provided where
relevant throughout the report.
5.4 Laboratory Experiments
Lab experiments are an efficient means to proof test
equipment, simulate situations likely to be encountered
in the field, and assess possible solutions to identified
detection or operational challenges. With this in mind,
a simple in-laboratory test basin – that is a vessel that
contains the soils and other materials used to represent
any given field scenario—was designed and fabricated
for use in this program.
5.4.1 Test Basin Design
The design of the test basin took advantage of
insights gained through work by other researchers who
have performed in-laboratory GPR experiments (51–
53). Their work was particularly valuable in highlighting
means to manage water/liquids in a test apparatus,
defining appropriate dimensions for an effective in-
laboratory test setup, and managing air-launched GPR
antennae when working at a laboratory scale.
Even with the benefit of past studies, effort was
placed on ensuring that the test basin used here was
appropriately sized and designed. The main concern
here is the potential for the walls of the vessel to create
side reflections of electromagnetic (EM) energy that
could interfere with observations of targets in the test
medium. In addition, several other factors associated
with the design of the test basin can influence the data
collected by GPR, such as the material from which it is
fabricated, and the nature of the soil, aggregate, and
roadway materials that it contains.
To assess these variables simulations were carried out
using the GPRMAX2D software described above.
Simulations performed encompassed the following
ranges of key variables:
1. Since the depth of drainage conduits below pavement is
normally in the range of 0.5m to 1m, initial simulations
were performed assuming a depth of 1m which provides a
conservative bound for basin design.
2. Several potential fabrication materials were considered for
the experimental basin, such as, (1) a simple metal box, (2)
a simple wooden box and (3) a canvas box supported by
round metal bars. (Note that steel was used as a test
material to verify model function based on steel’s ‘‘mirror-
like’’ reflection of electromagnetic waves).
3. Finally, several key boundary conditions associated with
selected basin materials were also explored. Possible
boundary effects caused by the use of a test basin could
include, (1) sidewall reflections (e.g., from the walls of a
metal box), (2) bottom reflections (e.g., from a steel
support plate below the basin), (3) support reflections
(e.g., from metal bars used to support a canvas box) and
(4) corner reflections (e.g., from the edges of the basin).
To explore possible designs, three different basin
sizes were analyzed involving differing width to depth
ratios and different wall materials as summarized in
Table 5.2. Figures 5.5 (a)–(c) illustrate the geometries
of the three simulated models. In these simulations,
the GPR antennae are simulated to move along the
surface of the experimental basin, and the data
collection rate is 1 trace per 0.03 meters. Moreover,
there is no offset between transmitter and receiver in
these simulations because it is assumed that they are
performed with a standard Tx/Rx antenna unit, in
which the transmitting and receiving antennae cannot
be physically separated.
In general, the results of the simulations generated
based on the factors above can be expressed as a
function of (1) the fabrication material and dimensions
of the designed basin and (2) the operating frequencies
of the GPR antennae (400 MHz and 900 MHz).
Simulation results for the different models are shown
in Figure 5.6 (a)–(h) as follows.
TABLE 5.2
Simulation Parameters for Experiment Basin Size Determination
Model Descriptions Basin Sidewall Material Antenna Frequency (MHz) Result Figure No.
A W 5 ,2D Metal 900 MHz Figure 5.6 (a)
400 MHz Figure 5.6 (b)
B W . 2D Metal 900 MHz Figure 5.6 (c)
400 MHz Figure 5.6 (d)
C W % 2D Metal 900 MHz Figure 5.6 (e)
400 MHz Figure 5.6 (f)
Canvas / Dry Wood 900 MHz Figure 5.6 (g)
400 MHz Figure 5.6 (h)
NOTE: W 5 width of designed basin; D 5 depth from surface to the top of target pipe.
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Figure 5.5 Geometries of simulated models for experimental basin size determination.
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Figure 5.6 Results of basin size simulations (continued).
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Several findings are notable:
N Recognizing that the EM radiation emitted from the
GPR antenna will obey Snell’s Law when interacting
with an EM reflective surface, the reflections of flat walls
and round support bars would be expected to follow very
different paths, as discussed in detail in the following
paragraphs.
N In nearly all of the simulations, side reflections of emitted
EM radiation appear at the transceiver after the bottom
reflection since reflections must obey Snell’s Law, and
will thus not influence the pipe reflection signal (see
Figure 5.7). Even for the smallest basin (Model B), the
side reflections still arrive after the bottom reflection,
although there is evidence of some convolution when a
400 MHz antenna is employed. The same is true for the
signal reflected directly from bottom of the basin.
N Comparison of the 400 MHz (Figure 5.6 (b) (d) (f) (h)) and
900 MHz (Figure 5.6 (a) (c) (e) (g)) antenna simulations
indicate that corner reflections are much stronger when the
400 MHz antenna is employed. In Figures 5.6 (b) and (d),
corner reflections can be observed that are strong enough to
influence the return signal from pipe, which could lead to
errors in a real test. This problem is particularly pronounced
in Figure 5.6 (d), in which the corner reflections cross above
the signal from the pipe—creating a signal that could be
misinterpreted as another parabolic reflection from a pipe.
These reflections likely stem from the upper structural edge
of the test basin.
N The size of the test basin remains as the most important
factor in producing a field representative in-lab test
setting. For the smallest model (Model C), side reflec-
tions are much more complicated than the other two
larger sized models, which significantly complicate target
signal determination. This problem is compounded with
the 400 MHz antennae, as shown in Figure 5.6 (e) (f).
However, different basin materials can influence the side
effect significantly. The wooden or canvas basic reduces
these reflections enough to analyze buried pipes based on
the smallest size design above (Model C), as shown in
Figure 5.6 (g) and (h).
Based on the analysis above, a simple wooden box,
slightly elevated above the floor, was used as the lab
experimental test basin in this project. Details of this
lab test basin will be introduced as necessary in
subsequent sections of this report.
5.4.2 Test Basin Preparation Procedures
Based on the key parameters indicated above, the
test basin must be filled with controlled materials before
an experiment is conducted. The general procedures for
this activity are as follows.
1. Choose the cross-section of pavement that is to be
simulated, such as the shoulder, pavement surface, or
side slope;
2. Design this selected cross-section based on the road
design manual, employing different materials for the
various base layers as required; for example for the side
slope of the pavement, drainage pipes would be buried
only by soil, but not gravel layers and a top pavement
surface;
3. Determine desired water conditions in the soil based on
the desired real field conditions; such as saturated after
rainy weather, dry conditions in the high temperature
period of summer, or intermediate partially saturated
conditions;
4. Design pipe positions, depth and line directions; outlet
drainage pipes would appear at different positions and
depth based on which part of road is simulated;
meanwhile, the choice of the pipe line direction in this
limited sized basin can be varied to simulate different
survey line angles (parallel, perpendicular and angle a);
5. Place all controlled materials into the test basin in the
appropriate order: base sand, pipes with defined direc-
tion located at determined depth, gravel subbase, gravel
base and top pavement surface (if necessary);
6. The cross-section is now ready for testing.
5.4.3 Test Basin Data Set
The test basin was employed in this work for a
variety of proof testing activities and to develop data
sets representative of desired field conditions that were
not necessarily available or readily accessible in the
field. While the majority of analyses discussed herein
will focus on actual field data, laboratory acquired data
is referenced where additive to the discussion.
5.5 Acquisition of Field Data
Multiple field surveys were performed in this
research to acquire data sets from actual roadways in
Indiana. For field tests, road cross-sections where the
locations of subsurface pipes are well known and also
marked were examined to facilitate data interpretation.
Three types of drainage conduits can be encountered in
the field, (1) transverse pipes, (2) longitudinal edge
pipes, and (3) outlet pipes. Figure 5.8 provides a
schematic of drainage system geometry and typical
survey paths.
The outlet pipes on the shoulder and side slope of the
pavement are considered the primary target in this
work. Several of these data sets will be employed in this
report to illustrate key analyses and findings:
Figure 5.7 Illustration of side reflections vs. pipe and bottom
reflections in test basin simulation.
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1. Route US-231: Here the survey line was about L miles
long. There were 4 PVC pipes (1 80-diameter pipe and 3
40-diameter pipes) involved in this test. Two antennae
were used here, one 400 MHz antenna and another 900
MHz antenna.
2. Route I-65: The survey line of this test totals approxi-
mately 4.5 miles. Two types of drainage pipes were
detected in this test, X-drains (newly installed, shallow
PVC pipe) and K-drains (old deeply buried metal pipe).
Here 4 antennae were employed, two 400 MHz antennae
and two 900 MHz antennae.
3. New Route US-231: The survey line for this test was
about J mile long. There are two PVC pipes involved.
The main purpose of this test was to examine different
antennae configurations in the field. Both the original
SIR-20 and SIR-30 GPR systems were used during this
work. In total three different operating frequencies were
tested here, 270 MHz, 400 MHz and 900 MHz. Four
antenna configurations were examined in this work as
well.
6. DIGITAL SIGNAL PROCESSING METHOD 1:
BACKGROUND REDUCTION
As introduced above, there were two general
investigative approaches pursued in this research to
improve GPR system performance: digital signal
processing and hardware experimentation. The follow-
ing two chapters focus on the first approach, digital
signal processing.
6.1 Introduction
This section focuses on employing unique signal
processing methods to interpret lab and field data and
enhance the quality of conclusions that can be drawn
from any GPR data set. The main approach applied to
the data involves an improved background and clutter
reduction (subtraction) method relative to that employed
directly by the GSSI GPR unit. This method is focused on
interpretation of 1-D GPR results derived from the
original 2-D GPR image along the survey line as a
function of distance. While notably less complex than 2-D
image analysis, it is believed that this treatment could
provide a clear view of underground conduits below
studied pavement. In addition, a second percentage-
change-summation algorithm is also introduced to better
manage anomalous signals. Just as with the first
algorithm, the output of the second algorithm is also
plotted in 1-D. The final result of a GPR scan is thus the
combination of both outputs obtained by these two
algorithms.
The methodology has been implemented through the
development of a custom data analysis program. The
program produces two major types of output based on
the different algorithms: (1) GPR signal SNR values
and (2) vertical sums of the percentage change in the
GPR signal at measurement points along the horizontal
survey line. By considering the probability distribution
of obtained results, a detection threshold that effec-
tively establishes the sensitivity of the system was
defined. Numbers of detected target conduits and false
alarms in a given GPR survey line have also been
compared in sets of lab and field data to obtain views of
optimal program parameters. Finally, multi-frequency
results obtained along the same survey line were
compared and combined in order to provide a final
pipe position output with higher accuracy along any
given survey line. Details of this methodology and
related analyses are described in the following sections.
6.2 Related Literature Review
One advantage of GPR is the potential to detect non-
metallic targets. However, the strength of the reflection
signals from non-metallic targets is significantly weaker
than that obtained from metallic targets of equivalent
dimension and position. Further, the useful informa-
tion about the target may be buried in the background
of the signal, or so called clutter and noise in Radar
theory. As a result, one of the key problems for this
project is differentiation of the scattered signal of
potential targets from the background interference,
because the primary targets here are primarily non-
metallic (PVC or clay) drainage pipes.
The background clutter and noise normally consists
of three components: the breakthrough signals directly
from transmitters to receivers; the reflections from the
air-ground interface as well as the interfaces of different
layers in the pavement and subsurface; the scattered
signals from other non-related targets, such as rocks,
air voids or unknown discontinuities in the subsurface
(54). So the primary challenge in pipe detection as
discussed herein is how to separate desired signals from
background.
Several researchers have already put forward a number
of methods to reduce background clutter and noise in
GPR data sets, such as: simple mean scan subtraction (55);
complex average subtraction (56); moving average
Figure 5.8 Schematic plan-view illustration of drainage
system configurations.
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background removal (57); HHkkkHKalman Filter-
Based approach to Target-Background Separation
(58); background removal using Singular Value
Decomposition (SVD) (54), Eigenvalues (59); the like-
lihood ratio test (55,60); the whitening filter (61); the
median filter (62); the fuzzy weighted background
removal and target energy function approach (63,64);
and the wavelet-based method (65,66).
The algorithm used in this effort is an improved
moving average background reduction method, which
is developed as described below.
6.3 Data Pre-Processing
The GPR data normally obtained from a GPR unit
is a B-Scan radar image can be considered in the form
of a matrix. An example is shown in Figure 6.1 which
was obtained from a field survey located on highway
US-231, near Purdue University. Each column of the
matrix is a digitized single trace of a scan, which is a so
called A-Scan in Radar theory, as shown in Figure 6.2.
As shown in Figure 6.1, the scattered pipe reflection
signal, the hyperbola shape located approximately
halfway across the upper 1/3rd of the image, is likely
to be detected in a very specific range of depth below
the pavement assuming drainage pipe placement has
been guided by accepted design principles put forward
in the road design manual (9). Consequently, only a
limited vertical interval of a GPR data set must be
analyzed to detect conduit targets. Normally, the pipes
are buried 0.5m to 1m under the surface of pavement.
Thus the uppermost region of the data and data below
a depth of approximately 1 m can typically be ignored
(note that these thresholds can be modified as desired in
the current algorithm). For example, in Figure 6.1, the
pipe is detected around 10ns along the vertical axis,
which corresponds to a depth of 0.5m. Furthermore,
each A-Scan of a data set is digitized into 512 samples.
In other words, there are 512 rows in the final data
matrix, which could be plotted in a 2-D image as shown
below. Thus for each A-Scan, only samples 50–200
(row 50–200) are selected from the data set and used in
the final analysis, which is shown as the range between
two red lines in Figure 6.1.
6.4 Algorithm 1: Improved Moving Average
Background Reduction
6.4.1 Overview of the Algorithm
The method presented here is a moving average
background subtraction approach as mentioned above.
In this approach, at any given point of signal analysis
along the survey line, a point termed the ‘‘checkpoint,’’
an averaged A-scan background signature, is sub-
tracted from the A-scan at that point to reveal the
signal of interest. The ‘‘average’’ background signature
is developed by examining data (a series of A-scans) in
a region of finite length, w, along the survey line that
is located a fixed column distance, d, behind the
checkpoint. This region is called the background
window. As the checkpoint is moved forward along
the survey line, the background window remains a fixed
column distance, d, behind the checkpoint, trailing the
checkpoint in a manner that ensures its local relevance
to the ground conditions in the region of the
checkpoint. As a result, there are two key parameters
related to this method, the size of the window employed
to develop a background signature (i.e., the back-
ground window size), w, and the column distance
between the checkpoint and the end of background
window, d. A conceptual representation of this algo-
rithm, as well as a related mathematical formulation, is
shown in Figure 6.3.
For any given run of the signal processing algorithm,
a set of values for w and d will be tested. During the
test, the background window will start from the
beginning of the data matrix, and the average of the
signals within this window will be subtracted from a
target signal d columns from the end of the background
window. Then another window will start from the
second column, the target will also move to next spot,
Figure 6.1 A 900 MHz GPR image indicating presence of an 80 pipe.
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and the same calculation will apply again. The back-
ground window and target signal will keep on moving
until the entire data set has been analyzed. Then, a
different set of w and d will be tested by the same
procedure above in another calculated loop. Finally, an
optimal combination of w and d can be recommended
for use in practice.
6.4.2 Detailed Calculation Steps of Proposed
Algorithm 1
The main purpose of this algorithm is to find an
optimal combination of w and d, which could be
applied in practice. Although the whole algorithm
contains several loops to perform this calculation, only
one entire loop needs to be considered step by step to
understand the whole algorithm.
Step 1: Obtain the average of background signals, bm,

























The result of the operation above provides a
generalized background signature representative of an
area that does not contain a pipe. Given that the
distance between buried pipes in practice typically
greatly exceeds the width, w, of the background
window (,4–50), there is generally no danger of
incorporating a pipe signature in the background that
is ultimately subtracted from a target trace.
Step 2: Obtain the pipe area signal. The signal at the
checkpoint mentioned above is located d columns away
from the last trace (column) of selected background
window and will move together with background window
column by column over the entire data set. To illustrate
the concept of the proposed algorithm, here a checkpoint
signal located in the pipe detection area is selected.
Step 3: Subtract the background average from both the






















check point signal - averaged background signal
(3)
After calculation of the background average, sub-
tract this value from each background signal in the
current calculated background window and also from
the pipe area signal.
Step 4: Take the absolute value of the result in Step 3.
In order to make future calculations easier, absolute
values of results in Step 3 are considered, and the mean
value and standard deviation of the absolute new
background are also calculated for each row.
The absolute value of pipe area signal with back-






The averaged absolute value of new background











        Ib w{ Ib m h i ð5Þ
Step 5: Calculate signal to noise ratio (SNR) at
every checkpoint. The Signal to Noise Ratio (SNR)
value is a measure of electrical signals that compares
the checkpoint signal level to the background noise. A
position with a higher SNR value is considered as a
possible detected target in the algorithm.
Based on the definition of SNR, the mean SNR value
at a certain location, each checkpoint column, can be
determined as follows:
SNR~
mean s’’2m ið Þ
 
mean b’’2m ið Þ
  ð6Þ
Figure 6.2 An A-Scan signal from GPR data.
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SNRdB~10log10
mean s’’2m ið Þ
 




In related MATLAB programs, SNRdB is used for all
SNR calculations. At this point, an original 2-D radar
image is converted to a 1-D plot, SNRdB versus
horizontal positions of survey line.
Step 6: Threshold selection based on probability
distribution of data obtained in Step 5. Based on the
SNRdB values obtained as a function of horizontal
position, a histogram can be generated. Curve fitting of
different probability distribution functions has been
performed in order to determine the most appropriate
distribution function to represent the histogram data.
In the current algorithm, a normal distribution function
has been selected to fit the histogram of SNRdB values.
Several probability thresholds can then be selected to
establish the confidence level of detecting a target.
According to the distribution function fitted in the
histogram, the related thresholds of SNRdB values can
then be back calculated and applied to the previous results.
As this algorithm represents only one part of a multi-
stage process, a unique threshold cannot be determined
here. Instead, a group of thresholds are tested. Further
comparisons with results of other algorithms must be
applied to finalize an optimal threshold value for
calculation use as discussed below.
6.5 Algorithm 2: Anomalous Signal Removal
6.5.1 Overview of the Algorithm
GPR images are often plagued by anomalous
discontinuous scan lines, especially in the data gathered
with a 900 MHz antenna. As shown in Figure 6.4,
several vertical lines go through the entire data set.
Such anomalous lines could provide false high peaks in
the SNRdB plots mentioned above, which might
generate an inaccurate detection result for the entire
survey line. In order to avoid the influence of these
anomalous lines in the data processing procedures, a
new algorithm based on percentage change in signal
elements was developed.
Figure 6.3 Conceptual representation of algorithm 1.
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Because the anomalous lines always cross through the
entire vertical range of GPR images, changes in the GPR
signal along any horizontal data row crossing the lines
should show a significant change in value at all vertical
positions. Based on this assumption, the percentage
change in the signal amplitude of every element relative
to the previous element in every row of GPR data is
calculated. This calculation is repeated row by row until
the entire dataset is processed. However, even if there is a
value jump across the anomalous lines; it is still not
necessarily large enough to be noticed. Thus, the sum and
standard deviation of the percentage changes for each row
in a data column are calculated. A data column with a
high sum and a low standard deviation is then identified
as an anomalous trace. Finally, the original 2-GPR image
is converted into a 1-D plot of this percentage change
versus horizontal position, which allows the output from
this algorithm to be combined with the output of
algorithm 1. A conceptual illustration of algorithm 2 is
shown in Figure 6.5.
6.5.2 Detailed Calculation Steps of Algorithm 2
The main purpose of this algorithm is to eliminate
the influence of anomalous lines in GPR images. To
implement this algorithm, procedures introduced below
need to be followed.
Step 1: Calculate the percentage change of one element
relative to its previous element in each row. As
introduced previously, the original GPR image can be
considered as a 2-D matrix data set. In order to
implement algorithm 2, the percentage change of every
element relative to its horizontal (row direction)
previous element must be calculated. As shown below,
the original GPR data is converted into a new matrix
data set based on equation (8). Each element of this
new matrix is the calculated percentage change value.
Original GPR Data Matrix[































Converted Matrix of Percentage Values[

























Figure 6.4 Anomalous lines in the GPR data set.
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Step 2: Calculate the summation of every column of the
new percentage change matrix. Although it is assumed
that there will be a value jump in the original GPR 2-D
image when crossing the anomalous lines, the
percentage value obtained in the last step is still not
necessarily easy to identify. Thus, a summation of each
column of the new converted percentage data matrix is
calculated. At this point, the original 2-D GPR data is
also converted into a 1-D plot comparable to that





Step 3: Calculate the standard deviation of each
column of data obtained in Step 1. Based on 2-D GPR
images, it is clear that a jump in signal values in a
vertical row of the data matrix could result not only
from anomalous lines, but also from target detection.
The anomalous lines, however, normally cross through
the entire vertical data set. As a result, the value jumps
caused by anomalous lines always occur in all the rows
at that position. Instead, the value jumps caused by
possible target detection only happen in a certain
vertical range. So the standard deviation of each
column of the percentage change data matrix can be
determined as another useful criterion to eliminate the
unwanted anomalous lines. Based on this assumption,
both anomalous lines and target detection could cause a
notable spike in the percentage change summation.
However, the standard deviation of the columns where
anomalous lines are present should be small compared
with the locations of a target.
To this end, standard deviation values of each
column of the matrix in Step 1 are also plotted in the





Step 4: Apply thresholds to plots obtained in Step 2
and 3 based on their probability distribution functions.
This step is similar to Step 6 introduced in the first
algorithm. The histograms of both results obtained in
the previous two steps are generated. Then the resulting
histograms are fit with a probability distribution
function. Instead of selecting a normal distribution as
with the first algorithm, a gamma distribution function
is selected by this procedure as it appears to more
consistently represent obtained field data.
Again, several probability thresholds are chosen
based on the confidence sought in determining the
targets along the survey line. According to the
Figure 6.5 Conceptual representation of algorithm 2.
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distribution function fitted in the histogram, the related
thresholds of percentage values can be back calculated
and applied to the previous results.
Just as for algorithm 1, a unique threshold cannot be
selected at this point. An optimal threshold will be
determined in additional comparison steps.
Step 5: Combine two percentage outputs into one plot
corresponding to selected thresholds. After a group of
thresholds is applied in the last step, a comparison of
the percentage summation plot with the percentage
standard deviation plot at each selected threshold is
performed. Peaks, which represent an index of potential
pipe presence at a given location, present in both plots
are left in the final result of the current algorithm.
Peaks that only appear in one plot are ignored.
6.6 Combined Selection Mechanisms
Two algorithms were introduced herein. A combined
output of these two algorithms is generated in the
following sections. The two algorithms are first
employed, independently, on a single frequency data
set. The results of the two algorithms can then be
combined. After this step, an additional filter can be
applied to the results based on the logical spacing of
installed drainage pipes in the field. Finally, tests
performed at different GPR operational frequencies
can be aligned and compared as one more mechanism
to increase the reliability of target identification.
6.6.1 Combination of Two Proposed Algorithms
The two main data processing algorithms outlined
above employ a group of signal evaluation thresholds
to identify potential pipe locations and eliminate signal
anomalies. The results of the two algorithms must then
be combined. Peaks presented in the output of both
algorithms are chosen to be shown in the combined
result. Peaks only shown in one algorithm’s result are
ignored.
6.6.2 Output Selection for Field Data of Installed
Pipe Distance
When processing actual field data, there is another
criterion that can be used to further increase the
selectivity of the pipe detection algorithm—installed
pipe distance. This criterion can be used to determine
whether a peak in the output result is a possible pipe or
a false alarm. Because this project is based on a
designed and constructed pavement, the distance
between two outlet pipes should be relatively well
defined. Even if the actual installed distance has some
errors during construction, it still should fall in a
reasonable range rather than be randomly distributed.
Due to this property of drainage pipes in the pavement,
a final screening of the output result from the two
previous algorithms can be performed to improve
overall detection accuracy.
In the field data collected on US-231, the distance
between two installed outlet pipes is around 400 ft.
Considering that some installation error was possible
during construction, an evaluation interval of 400 ¡ 30
ft is applied during this selection procedure.
Considering an output result at a certain threshold
level obtained in the previous section, the final
detection procedure is carried out as follows: (1) this
pipe distance check examines the first peak point along
the horizontal survey line and assumes that it is an
identification point in this procedure; (2) then the
algorithm establishes a second checkpoint located 400
ft away from the first point; (3) then a search is
performed point by point within a range of ¡30 ft
centered at the checkpoint; (4) if there is at least one
peak point present in this search range, the identifica-
tion point together with all the points in the searching
range is considered to be a possible pipe detection
signal; (5) otherwise, if there is no peak point in this
searching range, the identification point is considered as
a false alarm point and will be ignored in the final
output; (6) the same procedure is repeated for all the
points in the data set until the entire data line has been
scanned; (7) at last, a final output with possible pipe
locations is provided. This overall procedure is repeated
assuming a new starting point at each peak within the
initial increment of the inter-pipe distance in the data
set to develop a full set of possible pipe locations.
Applying this searching procedure to the results of all
the threshold levels, a group of final results for a single
frequency GPR image is produced. At this point, the
data from each GPR frequency can be aligned for
comparison, which will be introduced in the next
section.
6.6.3 Comparison of Multi-Frequency Results
GPR data collected with different frequency anten-
nae could provide complementary information. One
advantage of the SIR-30GPR system is the ability to
perform a test with four active channels at the same
time, which makes simultaneous detection of data from
different frequency antennae possible. To compare the
results obtained with different frequency antennae, the
most important step is to align both results at the same
horizontal starting point to make sure the detected pipe
signals appear at the correct horizontal locations. Then
the plots of the final results obtained at different
frequencies can be depicted in the same figure. The
peaks shown in both frequency results could be
considered as more likely locations of target pipes.
6.7 Field and Lab Data Verification
To demonstrate the methodology introduced above,
both field and laboratory results are analyzed in the
following sections. Table 6.1 provides a summary of the
field tests.
A field test was performed on a section of US-231
near the intersection of US-231 and INDIANA-25
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involving 4 PVC outlet pipes. The average depth of the
target pipes was about 2 feet, and the pipes had a diameter
of 8 inches (Pipe No. 1) or 4 inches (Pipe No. 2-4). The
GPR system used in this test was equipped with two
antennae having frequencies of 400 MHz and 900 MHz.
The total survey is around 1300 ft long, and the data was
collected on the shoulder of constructed pavement.
A simulated pavement cross-section was also estab-
lished in the laboratory. The laboratory test basin was
employed to hold soil materials as well as other
necessary components, such as installed PVC pipes.
Concrete blocks were used to simulate the pavement
surface. During the laboratory test, data was collected
with both 400 MHz and 900 MHz antennae.
A discussion of the effectiveness of the background
reduction and anomalous signal removal algorithms in
each of these scenarios is provided below.
6.7.1 Field Data Analysis
In this section field test data is analyzed following the
procedures introduced above and employing the two
different proposed algorithms. Because the data pro-
cessing procedures are the same for both 900 MHz and
400 MHz data prior to the final combination of
different frequency outputs, only 900 MHz processed
results are described in detail in the sections below. At
the end of the discussion, final combination of two
frequency results is performed in order to make the
final detection decision for this field survey test. As
shown in the following two groups of figures
(Figures 6.6 and 6.7), only pipe No.1 can be readily
seen via visual inspection in the original 900 MHz GPR
image. The other 3 smaller pipes cannot be visualized in
the 900 MHz data or the 400 MHz data.
TABLE 6.1
Summary of GPR Field Test Information
Field Test Location US-231/River Rd Near
Purdue Bowen Lab
I-65N (Mile 142– 148), Lebanon
IN
New US-231 near Purdue Airport
Test Dates 08/16/2010 05/14-05/16/2012 06/17-06/18/2013
Involved Drainage Type PVC X-Drain PVC X-Drain and Metal K-drain PVC X-Drain
Test Length ,1500 ft ,6 miles ,1000 ft
No. of Antennas Used 2 4 6
Related Frequencies in the Test 400 MHz and 900 MHz 400 MHz (2) and 900 MHz (2) 270 MHz (2), 400 MHz (2) and 900 MHz (2)
Figure 6.6 Original GPR data set of 900 MHz frequency.
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1. 900 MHz Results of algorithm 1: moving average
background reduction. As noted earlier, two key outputs
are developed through algorithm 1:
a. SNRdB Values Plot: The result provided with this
algorithm is a 1-D SNRdB plot versus horizontal survey
positions, which is shown on the right side of Figure 6.8.
Figure 6.7 Original GPR data set of 400 MHz frequency.
Figure 6.8 900 MHz result of algorithm 1.
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b. Histogram with Distribution Fit of SNRdB Results: Based
on the obtained SNRdB results, a histogram is generated
for future threshold selection, as shown on the left side of
Figure 6.8. The histogram is also fit with a probability
distribution function which in this case is best defined by a
normal distribution function.
2. 900 MHz Results of algorithm 2: anomalous
signal removal. Two major outputs are also generated
from algorithm 2:
a. Percentage summation plot: Here the percentage change in
the signal amplitude of every element in an A-scan relative
to the previous A-scan in the series is calculated, summed,
and plotted vs. horizontal location as shown in Figure 6.9.
b. Percentage standard deviation plot: The standard deviation
of percentage changes in each A-scan are then plotted vs.
horizontal location as shown in Figure 6.10.
Histograms of both the percentage summation and
standard deviation plots are subsequently generated,
together with suitable distribution functions. Instead of
selecting a normal distribution as with algorithm 1, a
gamma distribution is more appropriate here.
3. Threshold selection for both algorithms. As
described earlier, selection of thresholds for both
algorithms is based on their probability distribution
functions. A group of probability thresholds is used
across the entire analysis procedure. Real number
thresholds for a single case could be back calculated
by their corresponding probability distributions. Due to
the fact that the number and dimension of pipes in the
entire survey line is extremely small compared to the
total survey length; a group of high probability
thresholds is selected in this analysis procedure. Trial
analysis would typically be performed for all the
thresholds to identify an optimal threshold value. The
trial group of probability thresholds is listed below.
TP~ TP1,TP2,TP3,TP4,TP5½ ~
99%,99:9%,99:99%,99:999%,99:999%½ 
4. Combination of two algorithms with thresholds
applied. In this step, each threshold in the list above is
first applied to all the results obtained in Figures 6.8,
6.9 and 6.10 separately. Then the two percentage results
are combined into one data set with peaks presented in
both plots only. Finally, the pipe distance searching
procedure is applied. The final results of the 900 MHz
survey correlated to certain threshold level are then
generated at this stage. Figures 6.11 through 6.13 show
the results of 900 MHz data with probability thresholds
TP1 to TP5. The figure illustrates that the threshold
levels of TP1 and TP2 are not very selective and thus lead
to multiple false alarms along the detection line. On the
other hand, the threshold levels of TP4 and TP5 provide
results with over selections, which fail to detect most
major targets. Thus, the threshold level of TP3 5
99:99% is considered as the optimal threshold level that
should be applied in this analysis procedures.
5. Combination of results obtained by two frequencies.
In order to obtain a more accurate detection result,
results obtained at two different GPR frequencies are
then compared. With the optimal threshold level of TP3
5 99.99%, a final detection result is presented in the
Figure 6.14. As shown in this figure, the 4 red peaks are
the actual pipe locations along the road; blue peaks are
the possible pipe detection locations obtained from the
900 MHz data; and green peaks are the possible pipe
detection locations obtained from the 400 MHz data.
Figure 6.9 900 MHz result of algorithm 2—percentage summation.
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Ultimately, pipes 1, 2, and 4 were successfully detected
by the proposed analysis procedures, and 5 false alarms
are registered. Pipe 3, located at a horizontal distance of
just over 1000 ft. in the scan, was not detected by either
antenna. Nonetheless, the aforementioned signal pro-
cessing algorithms significantly improve detection
success over the original base case visual scan which
had readily displayed only Pipe #1.
6.7.2 Target Detection Effectiveness
Detection effectiveness for the introduced algorithm
relative to visual inspection of the original GPR images
(i.e., ‘‘observation’’) for the US 231 data can be
described in terms of detection successes, missed targets,
inferred targets, and false alarms. Figure 6.15 illustrates
that system effectiveness varies based on antenna
operating frequency, and whether or not the developed
algorithms are employed. Use of the developed algo-
rithm on the combined frequency data improved
detection substantially over both visual observation
and individual antenna analyses. Although false alarms
still occur when using the algorithm, it is important to
note that even when visually interpreting the original
GPR images, there are significantly more false alarms.
Figure 6.16 summarizes these findings, demonstrating
that use of the developed algorithms increases detection
success from 25% with visual observation using 900
MHz antenna, to 75% when the data analysis algo-
rithms are employed on the combined 400 MHz and 900
MHz data. In addition, the error rate, that is the ration
of false alarms relative to inferred targets, reduces from
a high of 100% for the 400 MHz system to 70% for the
combined data analyzed with the algorithms.
6.7.3 Lab Data Analysis
As noted earlier, the above signal processing algo-
rithms were also applied to data obtained from a
laboratory experiment performed in the wooden test
Figure 6.10 900 MHz result of algorithm 2—percentage standard deviation.
Figure 6.11 900 MHz Final result at threshold level of TP1 5 99% and TP2 5 99.9%.
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basin. As illustrated in Figure 6.17, the test basin
(measuring 57" (L) by 20" (D) by 20" (W)) was filled
with local soil in the Purdue Geotechnical lab and
outfitted with a 2" diameter PVC pipe installed on the
bottom of the basin at the mid-point of the basin. This
2" PVC pipe is normally considered non-detectable for
the ordinary GPR scan, as evidenced by both 900 MHz
and 400 MHz data presented in Figure 6.18.
For this lab test, only the analysis procedures of
algorithm 1, the moving background reduction, were
applied. Due to the limited length of the test basin, it is
not possible to obtain enough data to develop robust
percentage change statistics via algorithm 2 to represent
a correct probability distribution, thus this procedure is
ignored in this particular analysis. However, results
obtained at two different GPR operating frequencies
are still combined here as a final step.
The analysis procedures are exactly the same as the
ones used to process the field data described above.
Thus, the results obtained in each calculation step are
not shown for simplicity. Instead, only a final detection
result is shown in Figure 6.19 with a threshold level of
Tp 5 99%.
The result is similar to that obtained with the field
test data—red peaks represent the actual position of the
installed pipe; blue peaks represent the final detection
result from the 400 MHz data; and green peaks
represent the final detection result from the 900 MHz
data. According to this final result, the installed 2" PVC
is successfully detected but with two false alarms. One
possible reason for the false alarms is that anomalous
lines could not be removed without algorithm 2.
Another possibility is that there could be air voids in
the test basin because of the lack of effective soil
Figure 6.12 900 MHz Final result at threshold level of TP3 5 99.99%.
Figure 6.13 900 MHz Final result at threshold level of TP4 5 99.999% and TP5 5 99.9999%.
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Figure 6.14 Final detection result of US-231 field test with a threshold level of TP3 5 99.99%.
Figure 6.15 US231Field data detection effectiveness.
Figure 6.16 US231Field data detection rate comparison.
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Figure 6.17 Laboratory experiment set up and illustration.
Figure 6.18 Original GPR image of laboratory experiment setup.
Figure 6.19 Final result of laboratory experiment.
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compaction in the laboratory. Overall, the signal
processing procedures pursued here appear to signifi-
cantly enhance the ability to identify pipe locations
beyond what could be achieved using standard visual
inspection of the 2-D GPR data.
7. DIGITAL SIGNAL PROCESSING METHOD 2:
PATTERN RECOGNITION
7.1 Introduction
Pattern recognition is another approach that can be
employed to analyze data obtained via GPR scans. As
is well known, the typical GPR signal returned by a
buried drainage pipe takes the form of a hyperbola.
With this in mind, the signal processing method
pursued in this part of the work is focused on
enhancing the collected hyperbola signals in order to
identify potential targets.
In contrast to the improved background reduction
method introduced in the previous sections, this
analysis is still performed on the 2D data set rather
than a 1D variant. The primary purpose of this method
is to recognize the signature pattern—a hyperbolic
shape—of potential drainage targets in order to
facilitate detection. After processing data via Methods
1 (improved background reduction) and 2 (anomalous
signal removal), several potential target areas are
flagged. These areas can then be explored by employing
a pattern recognition algorithm, hereafter referred to as
Method 2 (pattern recognition), to search for hyper-
bolic shapes in the original GPR image. Verified by this
pattern recognition technique, the results obtained by
Method 1 could be more accurate and reliable.
To gain benefit from a pattern recognition method,
unclear hyperbolic shapes in the original GPR image
must be enhanced so that they can be recognized
by an edge detection or shape recognition algorithm.
Typically, there are three steps to this process: (1) the
mean value of the entire potential checking area is
removed in order to reduce unwanted background and
noise; (2) the signal difference is improved by calculat-
ing the square of observed values; and (3) the original
image is converted into a binary image by applying
selected greyscale thresholds. The details of this
technique will be introduced in the following sections.
7.2 Literature Review on Pattern Recognition in
GPR Applications
Pattern recognition is a popular image processing
approach to identify particular shapes in a given image.
This method can be used to detect various curves and
shapes appearing in an image, such as straight lines,
circles, and triangles, or in the case of GPR, the
hyperbolic return resulting from a buried pipe.
Confirmation of a hyperbolic return signal is a high
confidence indication of a successfully detected target.
Several researchers have done a lot of work in GPR
image pattern analyses. Al-Nuaimy, et al. (67) intro-
duced an automatic detection method for buried
objects using neural networks and pattern recognition;
Delbo, et al. (68) introduced a fuzzy shell clustering
approach to recognize the hyperbolic signatures in
GPR images; Pasolli, et al. (69) introduced a pattern
recognition approach to automatically analyze the
GPR images. The core of these methods involves
comparison of the hamming distance between candi-
date hyperbolic shapes and data points in an enhanced
binary GPR image. Others have expanded on this basic
approach. For example, Milisavljevi, et al (70) intro-
duced a hyperbola detection technique using a rando-
mized Hough transform applied to high potential
region selections. Ehret (71) introduced an artificial
neural networks (ANN)- and support vector machines
(SVM) -based pattern recognition approach to analyze
geophysical data.
In this work, emphasis is placed on preparing a data
set for application of a pattern recognition algorithm.
This involves two key stages of analysis: (1) select
potential target areas using the method of improved
background reduction discussed earlier; and (2) within
the selected potential target areas, enable improved
hyperbola recognition by improving the contrast and
definition of the original image.
7.3 Data Analysis Procedures
As introduced above, the main method discussed
herein is focused on enabling hyperbolic shape recogni-
tion in the original GPR images. Before applying the
pattern enhancement method to the entire set of data,
potential areas with targets are selected using the
method of improved background reduction (Method
1). Because most of the data obtained from a roadway
scan does not contain a drainage pipe, there is little
value in searching the entire data set to identify
hyperbolas. Method 1 will produce a plot indicating
potential drainage pipe positions as a function of
horizontal location in the data set. The detailed
procedures of this method have been discussed in
Section 6 of this report and will not be repeated here.
Based on every marked potential pipe location, a
range of data to the left and to the right is selected as
the analysis area for the pattern enhancement method
(Method 2). This method involves the following steps.
Step 1: Pre-selection of vertical data. Just as outlined
for Method 1, along the vertical depth of an A-scan, it
is unlikely that data received at delay times greater than
30ns is of any value, as noise is typically stronger than
the transmitted radar pulse in this range. Thus, to
accelerate calculations, only the data received before
30ns is considered in the analysis (this cutoff can be
modified as needed for specific field circumstances).
Step 2: Remove the average signal from the entire
selected analysis area. In order to enhance the received
hyperbola signals and also remove some of the unwanted
background and noise, such as horizontal pavement layer
reflections and random noise, a simple background
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reduction technique is applied here. Normally, this
procedure will not destroy the hyperbola signatures and
may increase the contrast of the useful signals.
Step 3: Enhance the signal contrast by taking the
square of the result obtained in Step 2. Normally, the
hyperbolic shapes in the original data set are not clear
enough to be identified easily. One possible reason
could be the magnitude difference between the
hyperbolic signal and background is too low. Thus
the contrast in the image may not be large enough to
facilitate separation and the result is an unclear
hyperbolic shape. Squaring the signal values in the
background reduced matrix improve the contrast
significantly.
Step 4: Convert the image matrix obtained in step 3 to
a binary image based on selected threshold. Even though
step 3 could significantly increase the signal contrast in
the GPR image, the signature shape of a hyperbola may
not be easily identified. Thus, in order to perform
automatic detection, the image obtained in step 3 is
converted into a binary image based on user selected
signal thresholds.
7.4 Field Data (I-65N) Analysis and Comparison
7.4.1 Introduction of field test on I-65N
A two-day field data collection effort was performed
in May 2012 on the side of Interstate road I-65N. The
purpose of this test was to locate both X-Drains and K-
drains on the side of the interstate. X-drains are newly
installed PVC pipes under the pavement layer, while K-
drains are old existing metal pipes located more deeply
under the pavement. Figure 7.1 provides a picture of
the equipment setup before the test. As seen in this
picture, there are 4 antennae involved in this test, two
400 MHz antennae and two 900 MHz antennae with
different polarization directions.
The data collected in this test represents a survey that
is about 5 miles long, thus only a portion of the data
analysis is presented here, that is the first 1000 ft
starting from I-65N mile marker 146. Physical observa-
tions confirm that there is at least one X-drain present
at the horizontal location of 558 ft and a K-drain
present at the horizontal location of 910 ft.
7.4.2 Data Analysis
In order to assess the effectiveness of the previously
described pattern enhancement technique, only 400
MHz data is analyzed here.
Results obtained by Method 1. As introduced in the
previous sections, Method 1 was fist carried out on
the data to obtain potential pipe location areas. The
detailed analysis procedure was introduced in previous
sections of this report and will not be repeated here. The
results from Method 1 are summarized in in Figure 7.2
and Figure 7.3.
Based on the obtained results, the total number of
potential targets could be 9 when applying an SNR
threshold of 95%. When the threshold is set higher, the
number of potential targets decreases because of the
strict selection factors. Within the 9 potential targets,
number 5 is the known X-drain located at about 558 ft,
and number 9 is the known K-drain located at about
910 ft. The other 7 potential targets still could not be
definitively declared detects or false alarms at this point
in the analysis.
Hyperbola signature recognition in the potential
regions. After obtaining the potential target regions,
the hyperbola signature enhancement method was
performed following the procedures introduced above.
The hyperbola recognition results are shown in
Figure 7.4 (a–i). There are 4 subplots in each result
figure for each potential target zone. On the top left is
the original received GPR image over the check range;
on the top right is the simple background reduction
enhanced GPR image; on the bottom left is the squared
value image based on background removed GPR
image; on the bottom right is the converted binary
image used to recognize hyperbola signatures. (Note
that the check range here is narrower than the 30 ft used
in the field simply to facilitate presentation and make
the hyperbolic returns more easily visible in the figures).
Based on the results described above, targets 4, 5 and
7 can be defined as detection zones. Even though no
drain was pre-identified at locations 4 and 7, they are
clearly worth close inspection as both employed signal
processing algorithms indicate the presence of a buried
conduit. The remaining targets would require further
investigation. It is important to note that the absence of
a hyperbolic return cannot be used as a means to define
a false alarm, as results presented earlier for the
background reduction algorithm confirm that the
statistical approach can identify drains even when no
hyperbolic return is evident. Thus the shape enhancementFigure 7.1 GPR Equipment set up on the side of I-65N.
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and related shape recognition activities serve mainly
as a means to enhance certainty associated with detection
zones.
K-Drain detection based on selected layer analysis
using Method 1. The I-65N field test was unique in that
the study area contained 3 known K-drains. K-drains
are metal pipes or clay conduits associated with old
pavement systems and are typically buried beneath
modern, renovated pavement layers. When roads are
reconstructed, the K-drains are often left in place. Over
time, if not maintained, K-drains can retain soil,
vegetation, and water, which in turn leads to serious
pavement damage. Unfortunately, these drains are very
difficult to locate as they are often associated with
poorly documented construction operations from many
years ago and can be hidden by vegetation as shown in
Figure 7.5. With this in mind, effort herein was also
made to locate K-drains in the I-65N data set.
The field data analyzed in this section was collected
from I-65N, as described earlier. In total approximately
2 miles of data was analyzed, from I-65N mile marker
143 to 144, and from mile marker 146-147. As noted
above, there were 3 known K-drains along this 2-mile
roadway as well as a large transit pipe.
In order to locate K-drains using the analysis
algorithms described earlier, a vertical region of the
GPR image data is isolated that is likely to contain the
K-drains. Based on the discussion above, K-drains were
normally buried under new pavement system layers.
Consequently, the only area in the original image that
should be considered is the area deeper than all the
pavement layers, including the X-drain layer, which is
normally located in the base layer of pavement.
With this in mind, the signal processing method is
then be applied to a vertical range of the GPR data
from the 2-mile I-65N field exercise that extends from
1–2 meters below the ground surface. Following the
same analysis procedures introduced above for Method
1, the final output of possible K-drain locations is
shown in Figures 7.6 and 7.7.
The locations of the known K-drains in the
Figures 7.5 and 7.6 are marked by red arrows and red
lines. The green lines in the figures indicate locations of
known X-drains. The blue lines represent possible
target locations resulting from the data analysis. As
shown, all 3 known K-drains were successfully detected
by the employed algorithm. However, there are also a
significant number of ‘‘potential’’ false alarms. These
are described as ‘‘potential’’ false alarms because no
Figure 7.2 Potential target locations (9 in total) obtained by Method 1 with SNR threshold T595%.
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Figure 7.3 Potential target locations from by Method 1 as a function of SNR threshold.
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Figure 7.4 Hyperbola recognition results, potential targets 1–9 (a–i).
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Figure 7.4 Continued.
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Figure 7.4 Continued.
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Figure 7.4 Continued.
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Figure 7.4 Continued.
Figure 7.5 Buried K-drains on the side slope of I-65N.
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Figure 7.6 Possible K-drain locations determined by Method 1 (I65N 143-144 mi).
Figure 7.7 Possible K-drain locations determined by Method 1 (I65N 146-147 mi).
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field work has been completed to check if there actually
is a K-drain at the additional locations identified. Also,
it is important to note that conduit spacing rules cannot
be applied here as there is no evidence that older
construction operations employed uniform spacing for
the drains. Thus, some of the inferred targets may
indeed be buried conduits, and others, of course, may
truly be false alarms. Nonetheless, the fact that all
known K-drains were detected is encouraging. Future
work should likely be focused on gathering additional
validation information, and on reducing false alarms in
the K-drain analysis.
8. HARDWARE MODIFICATIONS: FIELD TRIALS
OF GPR SYSTEM CONFIGURATIONS
8.1 Overview of Tested Antenna Configurations
In addition to signal processing, a number of possible
antenna configurations were explored to assess their
potential to improve GPR system sensitivity to sub-
pavement drainage conduits. These system configurations
were evaluated in the field on the newly constructed
section of US-231, close to Purdue Airport. Two 60
drainage pipes, spaced 8 inches apart as shown in
Figure 8.1, were selected as the focal point of the tests,
as changes in the quality of the detected signal were
sought rather than simple detect vs. non-detect findings.
Over the course of two days in the field, three
categories of antenna configurations were assessed,
each of which will be introduced separately below.
Dual receivers (Rx). In order to maximize the benefit
of the multi-channel GPR system, setups involving
multiple antennae were explored. However, due to
equipment limitations, only dual receiver configurations
were possible in this study because the SIR-30 could not
be configured to synchronously pulse two transmitters.
With this in mind, emphasis was placed on exploring the
benefits of collecting information from two receivers,
each designed for different frequencies. Two such
configurations were evaluated, each with the antennae
aligned parallel to the direction of the roadway, and
transverse to the anticipated pipe direction:
Dual receivers: 900 MHz and 400 MHz. In this
experiment, one 900 MHz antenna was configured as
the transmitter (Tx) and the first receiver (Rx), and
another 400 MHz antenna functioned only as a second
receiver (Rx). Figures 8.2 and 8.3 illustrate this setup
schematically and as it appeared in the field.
Dual receivers: 400 MHz and 270 MHz. Similar to
the first setup, in this experiment, one 400 MHz
antenna was operated as the transmitter (Tx) and the
first receiver (Rx), and another 270 MHz antenna
functioned only as the second receiver (Rx). Figures 8.4
and 8.5 illustrate this setup schematically and as it
appeared in the field.
Dual-parallel Tx/Rx. The second category of anten-
nae configurations tested in the field involved the use
of two 270 MHz side-by-side Tx/Rx antennae operated
in an orientation parallel to the road direction, and
transverse to the anticipated pipe direction. This design
enables comparison of two sets of data acquired at the
same frequency to help eliminate anomalies and
reinforce target signals. Figures 8.6 and 8.7 illustrate
this setup schematically and as it appeared in the field.
Cross polarization. In addition to the setups intro-
duced above, two types of cross polarization con-
figurations were also tested by employing two 400 MHz
antennae. Cross-polarized systems are known to help
reduce background clutter and enhance antenna
isolation in some applications, leading to improved
signal-to-noise. An illustration and the related field
setup is shown in Figures 8.8 and 8.9, respectively. This
type of configuration is similar to the dual receiver
setups described earlier but with one of the receivers
turned 90u. In these experiments, only one transmitter
was activated, as illustrated in the related figures.
8.2 Results of Field Tests
In this section, results obtained from the field tests
introduced above are analyzed and compared.
8.2.1 Dual Frequency Receivers (900 MHz and
400 MHz)
The data analyzed in this section is based on scans of
the same target pipe obtained along three different
survey paths: a) data collection on the gravel slope; b)
data collection on the edge of the pavement shoulder; c)
Figure 8.1 Drainage pipes observed on the new US-231 near Purdue Airport.
40 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2013/25
data collection in the middle of pavement shoulder. The
difference of the obtained data is analyzed as follows.
Original data obtained by GPR system. The data
discussed in Figures 8.10, 8.11, and 8.12 is the original
data obtained from the GPR system. All the figures
below provide two images. The top image in each figure
is the signal obtained with 400 MHz receiver and the
bottom image is the signal obtained with 900 MHz
receiver.
The red arrow in Figures 8.10 through 8.12 provides
the horizontal position of the target pipe. The red circle
highlghts the reflected signals from the target pipe for
each receiving channel. Note that the dual parabolic
return seen at early reflection times stems from the
points of connection between pavement sections of the
roadway.
A review of Figures 8.10 through 8.12 reveals that
the buried pipe can be readily identified in the both the
400 and 900 MHz data obtained on the gravel slope. It
is also visible in the data obtained on the edge of the
pavement shoulder, although the signal is considerably
weaker in the 900 MHz dataset relative to the 400 MHz
data. However, it is also apparent that the pipe cannot
be identified in the data collected in the middle of the
pavement shoulder.
Data alalyzed by the background reduction algorithm.
Because visible hyperbolic returns were not observed in
the data obtained in the middle of the pavement shoulder,
the background reduction algorithm introduced in
previous sections was applied in an attempt to enhance
the results. The final result obtained by this analysis is
shown in Figure 8.13, and it is clear that the target pipe is
readily located as one of two possible targets identified by
the algorithm. The red arrow points to the actual pipe
position in the field as a reference.
8.2.2 Dual Frequency Receivers (400 MHz and
270 MHz)
Original data obtained by GPR system. Similar to the
previous section, Figures 8.14, 8.15, and 8.16 represent
images acquired on two different control unit channels.
The top image in each figure is the result obtained with
the 270 MHz receiver and the bottom image is the result
obtained with the 400 MHz receiver. The red arrow in
the figures again provides the horizontal position of the
target pipe. The red circle, again, highlights the reflected
target signals obtained by each receiving channel.
A review of the dual reciever data for the 270 and 400
MHz configurations indicates that the return signal
from the buried pipes is readily visible only for the tests
performed on the gravel slope. The other data sets are
difficult to visually interpret.
Data alalyzed by the background reduction algorithm.
The background reduction algorithm was again applied
on the data collected in the middle of the pavement
shoulder, in which the pipe signal could not be visually
identified. As shown in Figure 8.17, the pipe location is
clearly identified in the final 1-D result, although two
additional false alarms are also indicated. Nonetheless
this represents a significant improvement relative to the
non-detect status obtained without the algorithm.
Figure 8.2 Illustration of dual frequency system (900 MHz
and 400 MHz).
Figure 8.3 Field Setup of dual frequency system (900 MHz and 400 MHz).
Figure 8.4 Illustration of dual frequency system (400 MHz
and 270 MHz).
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8.2.3 Dual-Parallel Tx/Rx (Two 270 MHz)
Original data obtained by GPR system. The following
figures provided the original GPR images obtained by
each of the 270 MHz antennae, on both the gravel slope
adjacent to the pavement and the shoulder of the
pavement. As shown in Figures 8.18 and 8.19, the pipe
signals can be picked up clearly in the data obtained on
the gravel slope, but cannot be identified in the data
from the pavement shoulder.
Data alalyzed by the background reduction algorithm.
Just as outlined earlier, the data from the middle of the
pavement shoulder is again analyzed using the back-
ground reduction algorithm. Results of this analysis are
presented in Figure 8.20.
8.2.4 Cross Polarization (Two 400 MHz Antennae)
In this section, the data obtained with the trailing cross-
polarized receiver oriented perpendicular to the transmit-
ter and direction of travel (left side of Figure 8.4) is
analyzed (cross polarization configuration 1).
Original data obtained by GPR system. In the original
data images, the top image is obtained from trailing cross-
polarized 400MHz receiver oriented perpendicular to the
transmitter and direction of travel and the bottom
image is obtained from another 400MHz receiver in the
traditional orientation parallel to the direction of travel.
Figure 8.21 represents the original GPR image collected
on the gravel slope. Figure 8.22 represents the original
GPR image collected on the edge of paved shoulder and
Figure 8.23 is the original GPR image collected in the
middle of the pavement shoulder.
Data alalyzed by the background reduction algorithm.
Again here, although the buried drainage pipe is clearly
visible in the images obtained on the gravel and the edge of
the pavement shoulder, the pipe cannot be discerned in the
images obtained in the middle of the pavement shoulder.
The background reduction algorithm was therefore applied.
The result is presented in Figure 8.24. In addition, the
background reduction algorithm was also applied to the
Figure 8.5 Field setup of dual frequency system (400 MHz and 270 MHz).
Figure 8.6 Illustration of dual-parallel configuration (270
MHz).
Figure 8.7 Field setup of dual-parallel configuration (270 MHz).
42 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2013/25
antenna oriented in the traditional direction. This result is
presented in Figure 8.25. Although the pipe location is
clearly identified with the cross polarized antenna, eight
additional false alarms are also indicated.
8.3 Summary and Comparison of Field Trial Results
Based the analyses above, a comparison of the results
is presented in Table 8.1 to illustrate the effectiveness of
the different antenna configurations and analyses
explored. Note that a clear or very clear image is one
in which a hyperbolic return is very evident. A
‘‘discernable’’ image is one in which human interpreta-
tion yields a detection. Also, note that SNRdb values
represent 10 x log base 10 of the ratio of the mean
target signal squared divided by the mean background
signal squared reported in decibels, as is customary in
signal processing.
Figure 8.8 Illustration of cross polarization configurations (400 MHz).
Figure 8.9 Field Setup of cross polarization configurations (400 MHz).
Figure 8.10 The original GPR image collected on the gravel slope (400 MHz and 900 MHz).
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Figure 8.11 The original GPR image collected on the edge of pavement shoulder (400 MHz and 900 MHz).
Figure 8.12 The original GPR image collected in the middle of the pavement shoulder (400 MHz and 900 MHz).
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Figure 8.13 Application of the background reduction method to the dual receiver data (400 MHz) obtained in the middle of the
pavement shoulder.
Figure 8.14 Original GPR image collected on the gravel slope (270 MHz and 400 MHz).
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Figure 8.15 Original GPR image collected on the edge of the pavement shoulder (270 MHz and 400 MHz).
Figure 8.16 Original GPR image collected in the middle of the pavement shoulder (270 MHz and 400 MHz).
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Figure 8.17 Application of the background reduction method to the dual receiver data (270 MHz) obtained in the middle of the
pavement shoulder.
Figure 8.18 Original GPR image collected on the gravel slope (two parallel 270 MHz).
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Figure 8.19 Original GPR image collected in the middle of the pavement shoulder (two parallel 270 MHz).
Figure 8.20 Result of background reduction method for dual-parallel Tx/Rx (two 270 MHz) setup (middle of
pavement shoulder).
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Figure 8.21 Original GPR image collected on the gravel slope (cross polarization configuration 1: 400 MHz).
Figure 8.22 Original GPR image collected on the edge of the pavement shoulder (cross polarization configuration 1: 400 MHz).
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Figure 8.23 Original GPR image collected in the middle of the pavement shoulder (cross polarization configuration 1: 400 MHz).
Figure 8.24 Result of background reduction method on data obtained with cross-polarized antenna (cross polarization
configuration 1: 400 MHz).
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Figure 8.25 Result of background reduction method on data obtained with traditional antenna (cross polarization configuration
1: 400 MHz).
TABLE 8.1
Result Comparison of Different Approach
Experiment Method



















(SNRdB Rx(H) , 0.07)
(SNRdB Rx(V) , 0.1)
Edge 400 Discernable;
900 Not Clear








[Ch2 data] (SNRdB ,
0.74)
Not Clear
(SNRdB Rx(H) , -0.18)















[Ch2 data] (SNRdB , 11)
Position identified with a few
false alarms
(SNRdB Rx(H) , 9)
(SNRdB Rx(V) , 9)
Edge 6 6 6 6












Position identified with a few
false alarms
(SNRdB Rx(H) , 9.5)
(SNRdB Rx(V) , 8.5)
NOTE: H 5 cross-polarized receiver; V 5 standard receiver.
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9. SUMMARY AND CONCLUSIONS
As noted earlier, the work carried out in this
program involved a two-pronged approach to improve
GPR-based sub-pavement drainage system evaluation
while maximizing the value of INDOT’s pre-existing
investment in GPR hardware and remaining within
project budget limitations. Two major avenues were
explored to achieve improvements in GPR detection
success: (1) software-based signal processing and (2)
modifications of hardware test configurations.
Two complementary sets of signal processing
approaches were developed in this work, referred to
herein as Methods 1 and 2. Method 1 involves two
signal processing algorithms that are designed to reduce
background clutter and noise by taking advantage of the
somewhat uniform nature of the strata underlying
constructed pavements and to systematically remove
anomalous signals. The output of this method is a 1-D
plot of potential target locations as a function of
distance on the survey line along the roadway. This
method proved to be very effective at identifying buried
pipes even when a hyperbolic signal return could not be
observed in the 2-D data. Generally all X-drains are
routinely identified (with only occasional exceptions),
with 3 to 4 false alarms per successful detection.
Similarly, all known K-drains in the studied field test
regions were successfully identified even though none
could be observed in the original GPR images, although
each successful detection was accompanied by a
significant number of potential false alarms. While
these false alarms all require field investigation, the
effort associated with these investigations is likely
substantially less than the effort required to manage
the consequences of undetected, and thus unmaintained,
K-drains. The reliability of Method 1 was shown to
improve when scans obtained with two antennae are
compared, and when routine drain spacing is employed
as a filter. These additional screens help to reduce false
alarms to roughly 2 to 3 per successful detection for X-
drains. Note that accurate false alarm statistics could
not be developed for K-drains, because the total number
of K-drains in the field test area is not known.
Method 2 focuses on enhancing 2-D image quality to
facilitate recognition of hyperbolic signal returns
indicative of a drain detection. When this method
reveals a hyperbola, there is a clear ‘‘detect’’ outcome
and thus the approach can clarify interpretation of
potential targets identified via Method 1. It is
important to note however, that lack of a hyperbolic
return in the 2-D image is not conclusive in declaring a
‘‘false alarm’’ as the statistical algorithms of Method 1
routinely detected pipes when no hyperbolic return was
visible. Thus, in practice, it is likely important to
investigate all potential target zones identified by
Method 1. Overall, Method 2 would likely be most
valuable if incorporated in an automated data proces-
sing system to help rapidly identify clear ‘‘detects’’ and
thus limit the focus of in-field investigative study to
only truly uncertain target zones.
Field experiments were also carried out in this work
to assess the potential for alternative antenna config-
urations to enhance the detection success. Five different
antenna configurations were tested. These tests reveal
several conclusions that can be generalized as follows:
1. Survey line selection has a significant influence on the
quality of obtained GPR images. In all cases, images
obtained on the gravel side slope of roads provided clearer,
higher SNR, images of buried drains relative to images
obtained in the middle of the shoulder of the roadway, and
more frequently displayed the characteristic hyperbolic
returns expected from a buried conduit. For example, as
described in association with the test of the dual-parallel 270
MHz antennae, the signal to background ratio (SNRdB) on
the gravel slope was 11dB and on the shoulder decreased to
9.5dB. While in this particular case, both survey lines
resulted in a detection, an enhanced SNR provides the
opportunity to detect pipes that may be more deeply buried
or in less favorable ground conditions and thus the survey
line that routinely provides the greatest SNR should always
be sought. It is believed that this result stems from the
reduced surface cover over the drains on the gravel slope
which permits more energy to reach the target zone. It is
also worth noting that while operating on the gravel slope
has some challenges in terms of maintaining the stability of
the antennae, a survey line well off the roadway adds to the
safety of the overall scanning operation. With this in mind,
there is likely value in developing a robust outrigger setup
that can facilitate antenna coupling with the ground on the
gravel slopes beside roadways.
Tests carried out at the pavement shoulder – gravel slope
interface repeatedly yielded poor results. The interface
between the pavement edge and the gravel is highly
heterogeneous and limits coupling of energy into the
subsurface. In addition, it is difficult to obtain a reliable
background signal in this region. Survey lines at the
pavement shoulder – gravel slope interface should therefore
be avoided.
2. Test configurations involving two antennae facilitate more
reliable detection strategies than single antennae config-
urations. As highlighted earlier, the potential to compare
results from two antennae along a shared survey line helps
to distinguish background clutter and anomalies from
actual pipe detections and facilitates signal averaging that
can be employed to reduce the net background inter-
ference in post-processing. The benefits of this logic likely
increase to a limit as additional antennae are added to the
test setup. Some researchers have demonstrated the value
of employing large antenna arrays, however these types of
systems (which can cost hundreds of thousands to millions
of dollars to develop (see for example Project ORFEUS
being pursued by the European Community)) were cost
prohibitive to explore in this study.
3. In tests conducted with a transmitter and dual receivers
operating at different frequencies (e.g., 900 Tx and 900/
400 Rx; or 400 Tx and 400/270 Rx), higher input
frequencies yielded higher SNRdB results than lower input
frequencies. However, at any given input frequency results
obtained with the lower frequency receiver of the studied
pair tended to provide higher SNRdB returns, indicating
some loss in energy of the returned signal combined with a
beneficial reduction in sensitivity to noise.
4. Cross polarized configurations generally provided good
results but did not yield a benefit that justified the added
complexity of operating the cross polarized system. It is
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important to note that only configurations involving a
cross-polarized receiver oriented perpendicular to the
transmitter and direction of travel and vice versa were
pursued in this work. Other orientations of the entire
cross-polarized setup (e.g., 45u relative to the direction of
travel), may warrant future investigation.
Based on the tests and data analyses performed herein,
the following recommendations are provided to guide
future deployments of GPR for subsurface drainage
detection under pavements:
1. Implement the background reduction and anomaly
detection algorithms developed in this work (Method 1)
in a user-friendly software application that can be
employed to process GPR data.
2. Implement the shape enhancement algorithms developed
in this work (Method 2) to facilitate evaluation of
potential target zones via an automated shape recogni-
tion routine.
3. Enhance on-board computing power employed in the
field vehicle used to pull the GPR antennae so that data
can be processed in real time, thereby enabling target
zone marking during the GPR scanning operation (vs.
post–data processing).
4. Develop a robust GPR unit outrigger capable of negotiat-
ing the gravel slopes alongside roadways to maximize
energy coupling into the subsurface and enhance detection
sensitivity.
5. Deploy (at least) two antennae in any survey operation to
improve background management and facilitate results
comparison that can increase the probability of success-
ful detection and false alarm rejection.
6. Utilize configurations involving one transmitter and dual-
frequency high-low receiver pairs to optimize energy input
into the subsurface and minimize received noise. (Note
the simulations indicated that a dual-transmitter shared
frequency system would be promising but equipment
limitations prevented field study of this configuration).
Beyond these recommendations, this study also identi-
fied several issues that likely warrant future research, such
as:
1. Increasing the offset between transmitters and receivers of
the same frequency. Simulations carried out in this study
showed improvements in detection sensitivity with an
offset between the Tx and Rx antennae. Unfortunately,
due to the design of the equipment utilized in this study,
this configuration change could not be evaluated and may
prove helpful in challenging detection circumstances.
2. Employing unique sensing techniques to overcome the
challenges posed by water in the soil. As noted throughout
this report, it is hypothesized that some sub-pavement drains
may be positioned in clay layers that also tend to retain
moisture, thus limiting propagation of electromagnetic radia-
tion at typical GPR frequencies, which makes it challenging to
detect their location. With this in mind, two avenues of future
research may be helpful to enhance the pipe detection rate and
reduce false alarms in these difficult conditions:
a. It may be useful to combine the GPR unit with a
commercial grade metal detector in an attempt to
increase effectiveness in locating metal K-drains by
inducing and subsequently monitoring for changes in
magnetic field;
b. It may also be helpful to exploit recent research on
propagation of electromagnetic waves through water
in the frequency range of 3-100 MHz to minimize the
influence of water, which may be especially common
in clay layers.
3. Significantly refining the hardware design of the GPR
system to enable step frequency analysis and/or the use of
dielectric focusing elements to enhance energy coupling
with the ground.
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